













This thesis has been submitted in fulfilment of the requirements for a postgraduate degree 
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following 
terms and conditions of use: 
 
This work is protected by copyright and other intellectual property rights, which are 
retained by the thesis author, unless otherwise stated. 
A copy can be downloaded for personal non-commercial research or study, without 
prior permission or charge. 
This thesis cannot be reproduced or quoted extensively from without first obtaining 
permission in writing from the author. 
The content must not be changed in any way or sold commercially in any format or 
medium without the formal permission of the author. 
When referring to this work, full bibliographic details including the author, title, 
awarding institution and date of the thesis must be given. 
 
Biogeochemical characterisation of particulate
organic matter at sequential stages of transport
in suspended, sinking, and benthic fractions
Laura Tulip
MRes, Ecosystem based management of marine systems, University of St. Andrews, 2012
BSc (Hons.) Marine Biology, Newcastle University, 2011
A dissertation submitted in partial fulfilment







I declare that this thesis has been completed solely by myself and that it has not been submitted,
in whole or in part, in any previous application for a degree. Except where states otherwise by




The export of particulate organic matter (POM) from the surface ocean to depth forms the basis
of the biological carbon pump (BCP). It is important for modulating atmospheric carbon dioxide
concentrations, amongst a range of other significant processes. Coastal zones play a significant
role in organic matter cycling and burial, and have the capacity to affect a range of important
biogeochemical cycles at a global scale.
Determining the source and biogeochemical composition of POM, is essential in order to
determine its fate; whether POM is recycled in the water column, or exported to depth. POM
is heterogeneous in nature with inputs from terrestrial, estuarine, and marine sources. Diverse
sources of POM result in a wide spectrum of POM present in the water column, which can be
loosely categorised into suspended particulate material (SPM) and sinking fractions. These frac-
tions can be compositionally distinct, and contribute to carbon export to different extents. This
thesis addresses key questions surrounding characterisation of POM of these different fractions,
determining its origin, and reactivity. The multifaceted approach taken includes detailed micro-
phytoplankton community dynamics, molecular-level biogeochemical analysis of POM, and reac-
tivity (using oxygen consumption as a proxy for reactivity) measures across a seasonal cycle and
is unprecedented.
An intensive sampling campaign was carried out in highly dynamic coastal waters in the Firth
of Lorne, western Scotland. Microphytoplankton community composition, biochemical compo-
sition, and environmental drivers (wind speed and pycnocline depth) were found to be related to
community sedimentation rates. The origin of POM was mixed as indicated by C:N ratio, δ 13C
values, and fatty acid biomarkers. SPM had a larger terrigenous input compared to sediment trap
material and sediments. A seasonal shift in SPM source from marine dominated POM in spring,
to increasing terrestrial inputs into winter, which corresponded to periods of high rainfall, was
observed. SPM was more labile relative to sinking and benthic fractions, and generally concentra-
tions of organic carbon and nitrogen, amino acids, fatty acids, and carbohydrates decreased with
depth. The decreasing trend in reactivity observed in SPM and sediment trap material from sum-
mer to winter, coincided with the shift in source material, with lowest reactivity occurring when
terrigenous inputs were highest. Relationships were found between SPM and sediment trap re-
activity, and lability parameters such as amino acids, fatty acids, and carbohydrate concentration.
The BCP is complex, and a good understanding of POM characteristics and composition is essen-
tial in order to better understand POM cycling and export efficiency. This is especially important
given the predicted changes to the BCP as a result of a changing climate.
Lay Summary
The biological carbon pump relocates organic-rich particles created in the surface ocean to depth.
Phytoplankton cells are a key component of this organic-rich particulate material, which utilises
carbon dioxide in the surface ocean and converts it into energy. The wide diversity and high
biomass of phytoplankton can be key controls on the amount and quality of carbon, which is
transferred from the surface ocean to greater depths. Sinking particulate material can become
trapped in sediments for long timescales, therefore reducing the probability of the carbon dioxide
being reintroduced back into the atmosphere. This process is very important for controlling our
climate. Coastal oceans are key areas for studying the biological carbon pump due to their highly
productive nature, and the additional source of organic material which is transported from the land
into the ocean. There are many factors which determine the speed and efficiency of the transport
of organic particles from the surface ocean to depth.
This study investigated particulate material at different stages of transport through the water
column. The aim of the investigation was to determine the composition of each of these sample
types over a seasonal cycle to further understanding of carbon cycling in coastal systems. Samples
were taken from suspended material at the surface, sinking material which was collected at 20 m
using sediment traps, and the surface sediment on the seabed. Analyses of these samples were
carried out in order to determine the original source, the degradative state, and the reactivity of the
particulate material.
The source of particulate material at the coastal study site was determined to be from a mixed
marine and land based origin. Phytoplankton was a key component of suspended material, es-
pecially during spring when in high abundances. A seasonal transition of suspended material
sourced from phytoplankton, to land derived material in winter was observed. In contrast, the
sinking particulate material and sediment organic fraction predominantly originated from marine
sources over the sampling season. The chemical composition of each of the sample fractions were
distinct, with a higher proportion of organic-rich compounds in the suspended fraction relative
to sediment trap material and sediments. This was reflected in how reactive the particulate ma-
terial was for degradation with suspended particulate material being more reactive than sediment
trap material. Results suggest there was inefficient transfer of organic-rich suspended particulate
material to the seafloor at the study site. The high energy environment driven by wind and tidal
influences favoured horizontal transport of particulate material rather than vertical transport to
sediments. This has implications for feedback of carbon dioxide back into the atmosphere.
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1.1 The biological carbon pump
The oceans play a central role in the global carbon cycle, which regulates climate and acts as a
sink for carbon dioxide (CO2; Falkowski et al., 2003). CO2 from the atmosphere is drawn into
the surface oceans via the solubility pump, where is it then converted from dissolved to particulate
material via primary production (Volk and Hoffert, 1985). The biological carbon pump (BCP)
drives the cycling of photosynthetically produced organic carbon from the surface to depth via
sinking particles, advection, or vertical mixing (Figure 1.1; Turner, 2015). This particulate organic
carbon (POC) is either consumed, exported to depth, and/ or sequestered into the deep sea and
sediments. Approximately 10 GT of carbon per year are exported into the deep ocean, and without
this export atmospheric CO2 would be approximately double current concentrations (Le Moigne
et al., 2012; Mayor et al., 2014; Sanders et al., 2014). This export is important to the biological and
chemical functioning of the ocean, supporting food webs, and elemental distributions throughout
the water column (Burd et al., 2016). Remineralisation (conversion of POC to inorganic carbon
via respiration) of POC in the upper pelagic zone provides nutrients for surface production, while
material exported to depths greater than 1000 m is considered to be sequestered and out of contact
with the atmosphere for centuries or longer (Lampitt et al., 2008; Passow and Carlson, 2012; Burd
et al., 2016).
The focus of this study is the coastal BCP (Figure 1.1). Coastal seas are a component of the
continental shelf and are dynamic environments which represent approximately 10 % of the global
ocean area, yet they are responsible for 10 to 30 % of global marine primary production (Bauer
et al., 2013). Additionally, continental shelves and coastal seas are also key areas for terrestrial,
estuarine, and marine carbon cycling with an estimated 80 % of global organic carbon burial in
continental margin sediments (Berner, 1989). Approximately 50 % of organic carbon in the deep
ocean is supplied from continental shelves (Wakeham and Lee, 1989; Bauer et al., 2013). This
demonstrates that coastal seas and the continental shelf are disproportionately important to carbon

















































Figure 1.1: Schematic of the biological carbon pump in a coastal setting
1.1. THE BIOLOGICAL CARBON PUMP 3
The BCP is driven by phytoplankton, which convert inorganic carbon into organic carbon via
photosynthesis, fuelled by light and nutrients (Falkowski et al., 2003). A range of nutrients are
required for phytoplankton growth, including essential macro-nutrients such as nitrate, phosphate,
silicate, and iron the micro-nutrient (Reynolds, 2006). Redfield (1934) stated that a 16:1 ratio
of nitrate-to-phosphate was the optimal stoichiometry for photosynthesis to occur, however other
studies highlight that this ratio is dependent on growth rate and can be species-specific (Tett et al.,
1985; Arrigo, 2005). Availability and concentration of macro-/ micro-nutrients in the water col-
umn can limit primary production (Hecky and Kilham, 1988). These nutrients are replenished in
the surface ocean by physical mixing, land run off, and upwelling regions (Guinder et al., 2015).
Temperate coastal waters typically have a spring and autumn phytoplankton bloom (e.g. Townsend
et al., 1994; Daniels et al., 2015; Guinder et al., 2015). Strong winds and water column turbulence
result in a well mixed environment, with reduced growth resulting from low light levels during
winter. With progression into spring, light levels increase, and a threshold is reached were nu-
trient, temperature, light intensity, and water column turbulence is optimal for phytoplankton to
bloom (Townsend et al., 1994). As phytoplankton abundance increases, the availability of nutri-
ents decreases resulting in a decline in phytoplankton biomass. As the water column becomes
stratified during summer, generally there is a further decline of nutrients which limits phytoplank-
ton growth. Stronger and more frequent winds in autumn, increase turbulence in the water column
mixing nutrients to the surface, which results in a second smaller phytoplankton bloom in autumn.
A proportion of the biomass produced during phytoplankton bloom periods is grazed upon, respir-
ing some of the organic carbon into dissolved inorganic carbon (Smetacek, 1985; Turner, 2015).
A further fraction of the biomass escapes and sinks out of the euphotic zone and is exported to
depth. Seasonal phytoplankton blooms have been linked to periodic formation of aggregates and
particulate organic material (POM) flux that reaches the seafloor (Billett et al., 1983; Conte et al.,
2001; Kiriakoulakis et al., 2001). However, not all phytoplankton blooms end in aggregation and
sedimentation, as this depends on species present, environmental conditions, and production of
"sticky" polysaccharide exudates e.g. transparent exopolymer particles (TEP; Passow, 2002; Guo
et al., 2016). Additionally, it is important to consider that POM is heterogeneous in nature, and
terrestrial POM also makes a significant contribution to aggregate composition in coastal environ-
ments (Hedges et al., 1997; Loh et al., 2002), and will be discussed in later chapters.
This exported organic and inorganic carbon can have a number of interchangeable terms including
particulate material (PM), POM, marine aggregates, or marine snow aggregates. These terms
can include a suite of organic and inorganic components from a range of sources. Additionally,
PM can refer to one phytoplankton cell or a whole host of components, whereas aggregates are
generally classified as being composed of more than one particle, and as being 0.5 mm or larger
in diameter (e.g. MacIntyre et al., 1995; Riley et al., 2012; Passow, 2016). Aggregates can be
formed from many components, including individual phytoplankton cells, faecal pellets, other
detritus, inorganic material, TEP, and host dense bacterial communities (Conte et al., 2001; Herndl
and Reinthaler, 2013). To clarify, the terms PM and aggregates, meaning organic and inorganic
particles of either single cells or numerous components aggregated together, are both used in this
thesis.
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The BCP can be relatively inefficient, as the majority of POC fixed into phytoplankton cells via
photosynthesis, is remineralised in the epipelagic (upper 100 to 200 m) or upper layers of the
mesopelagic (200 to 1000 m; Hedges, 1992; De La Rocha and Passow, 2007; Turner, 2015). It
is generally agreed that 5 to 25 % of net primary production is exported from the euphotic zone
depending on location (De La Rocha and Passow, 2007). In central ocean gyres, export from the
euphotic zone is usually <10 % (Neuer et al., 2002), in contrast to polar waters, which can range
from 30 to 100 % (Buesseler, 1998). At bathypelagic depths (>1000 m), generally <3 % of net
primary production has survived export from the surface ocean (De La Rocha and Passow, 2007;
Turner, 2015). However, in shallow coastal zones with high productivity, 30 to 40 % of the annual
water column production can be transported to the seafloor (Lee and Cronin, 1984).
Atmospheric CO2 concentrations have increased by 40 % since pre-industrial times as a result of
fossil fuel emissions and net land use change emissions, and are predicted to rise further (IPCC,
2013). The ocean has the capacity to store approximately 48 times more inorganic carbon relative
to the atmosphere (Sabine et al., 2004). Theoretically, increasing atmospheric CO2 concentration
increases the potential at which CO2 can diffuse into surface waters. However, changes to physical
oceanic conditions such as circulation and stratification, and to biological processes such as export
production and calcification, in response to climate change can affect the BCP. Small changes
to the ocean environment could potentially affect its capacity to store CO2, and therefore have
significant impact on atmospheric CO2 concentrations. On a time scale of several thousand years,
90 % of the anthropogenic CO2 emissions are predicted to end up in the ocean (Sabine et al.,
2004). On a decadal timescale, the ocean may become a less efficient sink for anthropogenic CO2
(Sabine et al., 2004); this could be the result of a combination of factors including the changing
physical (e.g. temperature, acidification, upwelling) and biological (e.g. shift towards dominance
of smaller phytoplankton) environment (Passow and Carlson, 2012).
Many of the complex and interrelated processes affecting the composition, quantity, and spatial
distribution of PM export are poorly understood or constrained (Burd et al., 2016). A better un-
derstanding of the present day BCP is essential in order to predict the effects of climate change
on PM export and recycling (Passow and Carlson, 2012; Turner, 2015). With this in mind, the fo-
cus of this thesis is on enhancing understanding of the biogeochemical composition of suspended,
sinking, and benthic fractions of PM in a coastal setting. In this thesis attention is paid to micro-
phytoplankton community dynamics, and factors that affect their suspension and sinking in the
water column, and linking biogeochemical composition of PM to reactivity. The remainder of this
chapter provides a general review of microphytoplankton dynamics in the suspended fraction, and
factors affecting PM composition and sedimentation.
1.2 Controls on the suspension and sinking of phytoplankton
The suspension and sinking of phytoplankton controls the residence time of marine POM in the
surface ocean, which in turn determines the proportions of POM which are remineralised at the
surface or exported to depth, and ultimately the efficiency of the BCP. Another factor that controls
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the prevalence of phytoplankton is zooplankton grazing (Kiørboe et al., 1996). Marine phyto-
plankton are disproportionally important for global net primary production; phytoplankton repre-
sent less than 1 % of the Earth’s photosynthetic biomass yet are responsible for >45 % of global
net primary production (Field et al., 1998; Simon et al., 2009). Phytoplankton generate energy via
photosynthesis, and therefore live in the sun-lit surface ocean down to 200 m (Simon et al., 2009).
There are estimated to be between 4000 to 5000 marine species, of which most are unicellular mi-
croscopic organisms (microphytoplankton), ranging between 20 to 200 µm (Simon et al., 2009).
Diatoms, dinoflagellates, and haptophytes dominate phytoplankton communities on continental
shelves, and are responsible for seasonal blooms in temperate and polar waters (Simon et al.,
2009). They are the main marine planktonic primary producers within the nano- (2 to 20 µm)
and microphytoplankton size classes. Diatoms represent approximately 40 % of all known marine
phytoplankton species and are of significant importance from both ecological and biogeochemical
standpoints, especially in nutrient-rich systems (Falkowski et al., 2004). Dinoflagellates are het-
erotrophs, with less than half the group able to photosynthesize (Simon et al., 2009). They usually
have two flagella and thick cellulose plates (Simon et al., 2009). In temperate environments, di-
noflagellates tend to dominate when diatoms do not during quiescent conditions (Falkowski et al.,
2004). Phytoplankton community dynamics, which can vary substantially over a seasonal cycle
in response to nutrient availability and other environmental conditions, play a central role in the
BCP due to varying contributions to carbon fixation and export fluxes (as sinking cells and as
aggregates; Durkin et al., 2016). The vast diversity of phytoplankton and seasonal differences
in community structure is responsible for a large degree of the variability in the export flux (e.g.
Guidi et al., 2009; Lomas et al., 2010; Henson et al., 2012; Turner, 2015; Guo et al., 2016). De-
tailed phytoplankton community structure is often lacking in carbon export studies. Its inclusion
would provide valuable information on how community structure might affect carbon export.
Mobility and sedimentation rates are two factors that control the position of phytoplankton in the
water column. Successful growth and survival of phytoplankton depends on phytoplankton resi-
dence time in the euphotic zone, to permit net photosynthesis, in surplus to total daily respiration
and organic secretion losses (Smayda, 1970). Some species are able to swim or regulate their
buoyancy, however populations are still controlled by the physical environment, advection, and
turbulence (Margalef, 1978; Smayda, 1970). Unlike diatoms, dinoflagellates are motile, and the
velocity at which they can swim is dependent on size (Kamykowski et al., 1992). Swimming ve-
locities are generally around 1.3 m h−1, with ranges of 0.03 to 6.5 m h−1 reported (Kamykowski
et al., 1992). Smayda (1970) made observations on "natural sea water samples [that] soon after col-
lection show[ed] that many phytoplankters sink to the container bottom; others remain suspended
and some may even ascend to the surface". This highlights a range of sedimentation responses
by different phytoplankton species. Buoyancy and sedimentation of microphytoplankton are im-
portant processes to understand, as they affect cell water column positioning and therefore the
efficiency and rate of primary production (Smayda, 1970; Richardson and Cullen, 1995). Ad-
ditionally, understanding the sinking rate of individual, chain forming, and aggregated cells is
essential for enhancing understanding of carbon export from the euphotic zone. There are a suite
of interacting factors that affect microphytoplankton sedimentation rates, which can broadly be
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split into three categories; morphological, physiological, and physical factors.
1.2.1 Morphological controls on sedimentation rates
Firstly, morphological features that affect sedimentation rate include cell size, shape, presence of
chitin fibres forming spines and ridges, and colony formation (Lannergren, 1979; Reynolds, 2006;
Smayda, 2010). In theory, larger cells should sink faster (e.g. Smayda, 1970; Riebesell, 1989;
Waite et al., 1997), which explains the dominance of microphytoplankton (over larger phytoplank-
ton cells) in stratified waters with low turbulence (Margalef, 1978). However, other studies have
found no relationship between sedimentation rates and cell size (Bienfang et al., 1982; Peperzak
et al., 2003), which suggests other factors need to be considered. Chain formation is a mechanism
which effects cell size and is common in non-motile organisms such as diatoms, however it also
occurs in motile dinoflagellate species such as Alexandrium spp. (BjÆrke et al., 2015). The eco-
logical rationale for chain formation is not well understood; it has been suggested as an adaptive
response for diatoms, whereby they adjust their chain length to minimise losses to grazers (BjÆrke
et al., 2015). For example, Skeletonema marinoi was shown to suppress chain formation in re-
sponse to copepod chemical cues (Bergkvist et al., 2012). A further study found turbulence and
nutrient availabilities were key factors controlling chain length (Dell’aquila et al., 2017). Silica-
shelled frustules are a typical characteristic of diatoms, which can form extensive blooms and
contribute around 50 % of POC export to depth (Dugdale and Wilkerson, 1998; Falkowski et al.,
2004). Other studies suggest that sinking velocities of single diatom cells or chains are species-
specific and not systematically linked to size (e.g. Smayda, 1970; Bienfang, 1980; Smayda and
Bienfang, 1983). This is also shown by the varying results from studies, which have found chain
length to have differing impacts on sinking rate depending on species, combination of species, or
natural assemblages used (e.g. Smayda, 1970; Peperzak et al., 2003; Reynolds, 2006; Landeira
et al., 2014). In two studies that used natural microphytoplankton assemblages, one found no cor-
relation between chain length and sinking rate (Waite et al., 1992a), and the other found shorter
chains sank faster than long chains (Peperzak et al., 2003). Peperzak et al. (2003) hypothesized that
the spiral chains of some chain forming species retained water around their chains which would
reduce overall chain density and therefore sedimentation rates. Experiments which removed the
chitin fibres of Thalassiosira fluviatilis found they sank more than 1.7 times faster in comparison to
intact cells (Walsby and Xypolyta, 1977). Conversely, extruding fibres and spines are said to give
rise to mechanical sticking or entangling of particles which could enhance sinking rates (Kiørboe
et al., 1990; Peperzak et al., 2003). Therefore, morphological features of phytoplankton have the
potential to influence sedimentation rates and formation of aggregates. Species-specific morpho-
logical traits, coupled with continuously varying physiological mechanisms, are responsible for
explaining sedimentation rate differences between species.
1.2.2 Physiological controls on sedimentation rates
Secondly, physiological mechanisms influencing cell sedimentation rate include modifying cell
density via a range of processes such as cell biochemical composition, internal ionic composition,
and numbers or size of intracellular vacuoles (e.g. Margalef, 1978; Lannergren, 1979; Richardson
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and Cullen, 1995; Reynolds, 2006; Smayda, 2010). Generally, phytoplankton have a higher den-
sity than seawater, with cell walls composed of silica (2.6 x 103 kg m−3), calcium carbonate (3.0 x
103 kg m−3), and cellulose (1.5 x 103 kg m−3), all of which are denser than sea water (1.025 x 103
kg m−3; Vogel, 1983). During different growth phases microphytoplankton can utilise and store
different proportions of proteins, carbohydrates and lipids, which will affect their buoyancy (Ríos
et al., 1998). Experiments have shown that cells have the capacity to recover from unbalanced
growth and regulate their buoyancy, when placed under nutrient-replete conditions (Richardson
and Cullen, 1995). For example, the sinking rate of Thalassiosira weissflogii increased during
nutrient-depleted conditions, due to an accumulation of carbohydrates as a result of unbalanced
growth (Richardson and Cullen, 1995). Senescent populations of microphytoplankton have been
connected to higher sinking rates (Smayda, 1970) despite the senescent phase being linked to
high lipid synthesis in some microphytoplankton species (Diekmann et al., 2009). Lipids have
a specific gravity less than seawater, so synthesis and storage of lipids during this phase would
suggest increased buoyancy of cells, and not higher sinking rates. Additionally, studies on newly
formed sinking aggregates have shown them to be dominated by lipids, which are derived from
microphytoplankton (Balzano et al., 2011). Therefore, over the course of a spring bloom, micro-
phytoplankton biochemical composition can change, and in turn affect cell density and therefore
buoyancy, and position in the water column. Vacuoles are suggested as a further mechanism for
regulating cell density. Diatoms contain vacuoles which can occupy approximately 40 % of their
cell volume, are used for nutrient storage, and are predicted to play a significant role in buoyancy
regulation (Falkowski et al., 2004; Erga et al., 2010). Ion regulation of cell sap has also been sug-
gested as a plausible mechanism to regulate cell density (Reynolds, 2006). Gemmell et al. (2016)
found that Coscinodiscus wailesii were able to change their sinking rate from slow, to fast, and
then transition back to slow again; only a 1.5 % change in cell density via ion regulation would
be required to achieve these changes in sinking rate. In addition to morphological features which
can affect sedimentation rate, physiological mechanisms are shown as a further regulation of cell
buoyancy and sinking.
1.2.3 Environmental controls on sedimentation rates
Thirdly, physical environmental factors that affect microphytoplankton sedimentation rate include
water column turbulence, stratification, light, and nutrient availability (Bienfang et al., 1982; John-
son and Smith, 1986; Smayda, 1997). Turbulent motion in the water column has been suggested
to re-disperse microphytoplankton that are passively sinking back to the surface (Huisman et al.,
2002). However, there is a fine balance between excessive turbulence which translocates cells to
depth, and low turbulence which allows cells to sink to depth (Huisman et al., 2002). Cell buoy-
ancy has been linked to cell age, light availability, and nutrient status of the cell (Johnson and
Smith, 1986). Microphytoplankton have been shown to have higher sinking rates when nutrients
are depleted (e.g. Bienfang et al., 1982; Waite et al., 1992a; Peperzak et al., 2003), which is sug-
gested to be an adaptive response, to permit sinking out of unfavourable conditions (Smetacek,
1985; Richardson and Cullen, 1995). Under well-stratified, nutrient-replete conditions, T. weiss-
flogii maintained almost neutral buoyancy in contrast to nitrate-depleted conditions in which cells
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were shown to sink (Richardson and Cullen, 1995). Another study, using a number of microphyto-
plankton species, found that nutrient depletion was not necessarily linked to higher sinking rates,
and sedimentation rates were dependent on species and nutrient dynamics (Bienfang and Harri-
son, 1984). Low levels of irradiance have been shown to coincide with high cell sinking rates (e.g.
Johnson and Smith, 1986; Riebesell, 1989; Waite et al., 1992b). Despite the dynamic environment
microphytoplankton inhabit, the prevailing sinking rate of diatom species can be quickly altered
in response to changing environmental conditions (Riebesell, 1989; Gemmell et al., 2016). It is
likely to be a complex interaction between morphological, physiological, and physical environ-
ment factors that regulate the position of phytoplankton in the water column.
The suspension and sinking of phytoplankton has been investigated using a range of methods in-
cluding high-resolution optical techniques (Gemmell et al., 2016), fluorometry (Szyper and Karl,
1991), and settlement columns (SETCOL; e.g. Bienfang, 1981b; Bienfang et al., 1983; Bienfang
and Harrison, 1984; Pitcher et al., 1989; Kiørboe et al., 1996; Waite and Nodder, 2001; Peperzak
et al., 2003; Guo et al., 2016). These studies have investigated phytoplankton sedimentation in
response to nutrient enrichment (e.g. Bienfang, 1981b; Bienfang and Harrison, 1984; Richardson
and Cullen, 1995), carbohydrate ballast (Richardson and Cullen, 1995), light intensity (Bienfang
et al., 1983), taxonomic properties of phytoplankton assemblage (Pitcher et al., 1989; Guo et al.,
2016), cell size (Peperzak et al., 2003), environmental conditions (Guo et al., 2016), or a combi-
nation of factors. None of these studies have investigated the combined effects of the three main
macromolecular compounds protein, lipid, and carbohydrate (which vary with growth phase and
season) on phytoplankton sedimentation rates. Seasonal changes to phytoplankton community
structure, and biochemical composition, have the potential to influence the quality and quantity of
POM available for export and its sedimentation rates. Given the significant role that phytoplank-
ton play in carbon export, it is important to determine key factors, and specific environmental
conditions, which affect their sedimentation.
1.3 Factors affecting the composition and sedimentation of PM
1.3.1 Sources of PM
In addition to autochthonous sourced phytoplankton POM, allochthonous inputs from terrestrial
origins represent a substantial fraction of organic and inorganic material entering the coastal ma-
rine environment (Figure 1.1; Hedges et al., 1988a; Loh et al., 2002; Davis et al., 2018). Ter-
restrial organic material contributes approximately 0.4 to 0.5 x1015 g C yr−1 of organic carbon
to the marine environment (Hedges et al., 1997; Benner, 2004). Terrigenous organic carbon is
generally composed of vascular plant debris, soil, and older fossil organic carbon derived from
carbonate rock erosion (e.g. Bianchi, 2011). Soils receive debris from vascular plants, which then
undergo extensive microbial attack before entry into the marine environment (Hedges and Keil,
1995; Hedges and Oades, 1997). The surviving organic fraction of the terrestrial material is likely
to be adsorbed onto mineral surfaces which physically protects it from microbial attack (Hedges
and Oades, 1997). Additionally, high concentrations of refractory, largely nitrogen-free biomacro-
molecules including lignin, tanin, suberin and cutin, characterise the presence of terrestrial PM
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(Hedges et al., 1997). The typical composition of terrestrially derived material contains a mi-
nor fraction of organic material, with geopolymers and mineral material predominating (Hedges,
1992). The entry of terrestrial organic carbon into the marine environment depends on riverine
transport, land use, drainage, and weather (Hedges et al., 1997; Bianchi, 2011). In addition to
terrestrially derived POM, marine POM forms the second main source of POM in coastal systems.
PM is heterogeneous in nature meaning it is derived from a mixture of sources and usually con-
tains fresh, labile material as well as older, more refractory components, and inorganic material
(e.g. Cowie and Hedges, 1994). Planktonic organic material can be more fresh and labile in com-
parison to the more refractory, degraded terrestrial input (Hedges and Keil, 1995; Loh et al., 2002;
Burdige, 2005). Additionally, interactions between mineral material and organic material (both
marine and terrestrial) are major controls of organic material dynamics.
The majority of POM in the surface ocean is remineralised in the water column and escapes export
the sea floor (Buesseler, 1998; De Haas et al., 2002; Passow and Carlson, 2012). However, this
is location-specific, as in shallow, highly productive coastal areas, up to 30 % of the annual water
column production is transported to the sea floor (Davies, 1975). The biochemical composition of
POM is determined by its source, and in turn this will affect its fate in the water column.
1.3.2 Particle characterisation
Spatial and temporal variations of particle types, concentrations, and aggregate composition in the
water column lead to an array of PM with different characteristics. These different characteristics
can affect POM fate in the water column, the amount of carbon exported, the distribution of
associated elements, and can also control the amount of light able to penetrate the surface (Burd
and Jackson, 2009).
The size and sinking rate are two key characteristics of PM which can determine its classification
(Figure 1.2). Larger particles sink faster according to Stokes’ Law (McDonnell and Buesseler,
2010; Durkin et al., 2015). The velocity at which aggregates sink from the surface, affects the
strength and efficiency of the BCP (McDonnell and Buesseler, 2010). At the lower end of the
sedimentation scale, sinking rates of individual diatom cells generally range from 0.1 to 10 m
d−1 (Smayda, 1970). The sedimentation rate of aggregates is typically difficult to measure due to
their fragile nature, and have been estimated in laboratory settling columns and in situ, ranging
from 5 to 2500 m d−1 (Sanders et al., 2014). Observations of diatoms on the seafloor of deep-sea
systems weeks after a surface bloom, suggests fast vertical transport and repackaging of cells into
aggregates with faster sinking rates (Beaulieu, 2002; Burd and Jackson, 2009). However, it has
been shown that sinking of intact phytoplankton cells can also represent a substantial contribution
to carbon export (Durkin et al., 2016).
Aggregates formed can be loosely classified into fast-sinking (>20 m d−1), slow-sinking (<20 m
d−1) and suspended particulate material (SPM; Riley et al., 2012). Slow-sinking PM is thought to
originate from nano- and picophytoplankton (Baker et al., 2017), or from the physical (Stemmann
et al., 2008) or biological fragmentation of larger particles (Giering et al., 2014). Recent studies
have highlighted the abundance and importance of small, slow-sinking particles which are often
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Figure 1.2: Summary of fractions of particulate material (PM) classified in this study and their
sampling method
under-sampled using sediment trap deployments (Alonso-Gonzalez et al., 2010; Riley et al., 2012;
Baker et al., 2017; Cavan et al., 2017). In situ sampling of smaller, slow-sinking SPM in parallel to
larger particles is difficult, as the entire spectrum of particles present in the water column cannot
be measured by one single instrument (Stemmann et al., 2008). This study uses three different
methods to sample PM at different stages in the water column and seafloor (Figure 1.2). These are
loosely categorised into SPM, sinking PM, and sediments. However, it is recognised that there is
overlap between particle categories in this study. For example, as the SPM was collected using a
Niskin bottle, this fraction could potentially collect both slow-sinking, neutrally buoyant, and fast-
sinking PM. A number of studies have shown that the majority of PM was present as suspended,
slow-sinking particles (e.g. Alonso-Gonzalez et al., 2010; Riley et al., 2012; Cavan et al., 2017).
Alonso-Gonzalez et al. (2010) found that 60 % of total PM was represented as slowly sinking
particles (sinking rates 0.7 to 11 m d−1). Similarly, Riley et al. (2012) found that 63 % of the
carbon flux in the North Atlantic was transported as small or slowly sinking particles. However,
this contribution was likely to decrease with depth as the majority of small or slowly sinking
particles were remineralised (Riley et al., 2012). A further study has shown that the long residence
time of slow-sinking PM, results in its minor contribution to the overall mass flux (Wakeham
and Lee, 1993). Goutx et al. (2007) showed that slower sinking particulates were degraded more
quickly when compared to faster sinking particulates, which maintained their original biological
signal to a certain extent. These studies focused on open-ocean sites where the composition of PM
is likely to be different in comparison to coastal sites, which is the focus of this study. Terrigenous
inputs into open-ocean sites would be negligible in comparison to the coastal site focused on in
this study. Therefore, this compositional difference between open ocean and coastal sites may
greatly affect the proportions of PM in the slow versus fast sinking fractions.
High density is a further key characteristic of fast-sinking PM. The incorporation of biogenic (e.g.
silica, calcite, opal) and lithogenic minerals into PM can increase the density of PM, and act as a
ballast for higher sinking velocities (Klaas and Archer, 2002; Sanders et al., 2010; Passow et al.,
2014). The association between inorganic minerals and PM has been referred to as the ’ballast ef-
fect’ due to the protection of PM by inorganic matrices, and added excess density which increases
sinking velocity (Klaas and Archer, 2002; Passow et al., 2014). Fast sinking rates of PM from
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the euphotic zone to the deep ocean have been reported to occur with the presence of inorganic
minerals (Klaas and Archer, 2002; Sanders et al., 2010; Riley et al., 2012). Laboratory experi-
ments investigating aggregate formation with the addition of clay have found that the total volume
of aggregates is related to the amount of clay (Passow et al., 2014). This could have implications
for the size and density of PM which in turn would affect its sedimentation rate. The addition
of clay to laboratory-formed aggregates produced more numerous, denser, and smaller aggregates
(approximately 1.6 mm) when compared to aggregates with no clay addition (approximately 5.0
mm; Passow et al., 2014). The coagulation of PM and minerals modifies the aggregate size, shape
and porosity, all of which are important factors affecting their sedimentation and reactivity in the
water column.
Focusing on a coastal study site with terrestrial/ marine organic and mineral inputs has implica-
tions for PM characterisation, which in turn determines its remineralisation efficiency or export.
The composition of PM can physically effect its size and density, and chemistry. Linking PM
characteristics to the biochemical composition and reactivity has the potential to determine its fate
in the water column.
1.3.3 Biochemical composition
A range of organic biomarkers have previously been used to identify the source and degradative
state of organic material in the water column (e.g. Wakeham et al., 1997a; Budge et al., 2001;
Parrish et al., 2005). Biomarkers are able to provide information on organic material source and
the type of planktonic source (e.g.diatom, dinoflagellate, zooplankton, bacterial; Wakeham et al.,
2009). Additionally, they can also be used to distinguish between material that is fresh and likely
to be readily utilised, versus refractory material that is likely to be preserved. The use of individual
biomarkers does have limitations, as a result of non-uniform distributions in organic material from
different sources, and degradation pathways that can be compound-specific (Dauwe and Middel-
burg, 1998). However, the focus of this study uses universal biopolymers, amino acids, fatty acids,
and carbohydrates, which together represent important fractions of analytically recognisable or-
ganic material in marine and terrestrial organisms (Dauwe and Middelburg, 1998).
Amino acids are important structural components of proteins and represent the largest organic
nitrogen reserve in most organisms (Lee and Cronin, 1982). Amino acids are generally labile in
comparison to bulk carbon and nitrogen, and the reactivity of individual amino acids is dependent
on whether they are protein versus non-protein, and whether they are structural cell wall associated
or intracellular (Cowie and Hedges, 1992b; Wakeham and Lee, 1993). Concentrations and relative
abundances of individual amino acids, through preferential consumption of labile compounds and
preservation of refractory compounds, are able to provide information on the degradative state
of organic matter (e.g. Cowie and Hedges, 1994). For example, the progressive enrichment of
diatom cell wall amino acids (e.g. serine, glycine, threonine), which are physically protected
by the siliceous test, is an indicator of diagenesis (e.g. Hecky et al., 1973; Cowie and Hedges,
1992b). Conversely, intracellular amino acids (e.g. glutamic acid, phenylalanine, tyrosine) are
among the most labile compounds in living plankton and are preferentially degraded (e.g. Cowie
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and Hedges, 1992b; Wakeham and Lee, 1993; Dauwe et al., 1999). Consistent trends between
amino acid composition and degradation was used to produce a quantitative degradation index
(DI; Dauwe and Middelburg, 1998; Dauwe et al., 1999), which has been used in many studies
(e.g. Sheridan et al., 2002; Ingalls et al., 2003; Arnarson and Keil, 2005, 2007; Ingalls et al., 2006;
Alonso-González et al., 2010; Wakeham et al., 2009; Carr et al., 2016). Further studies have
used individual amino acid composition in SPM, sinking material, and sediments to investigate
diagenetic alteration (e.g. Ittekkot et al., 1984; Lee and Cronin, 1984; Cowie and Hedges, 1994;
Dauwe and Middelburg, 1998; Lee et al., 2000). Studies investigating the diagenetic state of
POM in sinking versus sediment fractions have found a decrease in amino acid contribution to
total organic carbon and nitrogen, and an increase in diagenetic parameters (e.g. increase in mole
percentages of non-protein amino acids β -alanine and γ-aminobutyric acid) in sediments relative
to water-column particulates (Cowie and Hedges, 1992b, 1994). Amino acids serve as useful
indicators of organic matter transformation in coastal systems with mixed marine and terrigenous
inputs (e.g. Cowie and Hedges, 1992b).
Lipids serve a variety of functions in all living organisms, including membrane structure, en-
ergy storage, and regulation of metabolic processes (Sargent, 1976; Wakeham et al., 1993). They
are carbon-rich compounds with certain components being essential nutrients for animals (e.g.
polyunsaturated fatty acids, PUFAs; Sargent, 1976; Pond et al., 1996; Parrish et al., 2005). Many
lipids are reactive relative to bulk organic material, and fatty acid biomarkers are well established
as indicators of the biological community in surface waters (Wakeham and Lee, 1993; Wakeham
et al., 1997a); fatty acids were the focus of lipid analysis for this thesis. Additionally, proportions
of PUFA, monounsaturated (MUFA), and saturated (SFA) fatty acids can be used to assess the
degradative state of organic material (e.g. Fileman et al., 1998; Najdek et al., 2002). For example,
diatom cells are rich in PUFAs, and these are labile and readily utilised from the water column
SPM (Li et al., 2014). With increasing degradative state, the relative contribution of PUFA to total
fatty acid composition generally decreases whilst SFA increase (e.g. Conte et al., 2001; Najdek
et al., 2002; Wolff et al., 2011). A further study found fatty acid diagenetic trends from surface
water samples, which were composed of plankton-derived PUFAs, to deep-water sediment traps
that were rich in MUFAs and SFA, typical of zooplankton (Wakeham et al., 1997a). Also, di-
atom (16:4(n-1)) and dinoflagellate (18:4(n-3) and 22:6(n-3)) fatty acids are established source
biomarkers (e.g. Wakeham et al., 1997a; Cripps and Clarke, 1998; Fileman et al., 1998; Budge
et al., 2001; Najdek et al., 2002; Goutx et al., 2007). However, is has been recently shown that
bacteria and invertebrates are capable of synthesising PUFA (Kabeya et al., 2018). Utilising these
fatty acids biomarkers with other biochemical parameters indicative of source will aid determina-
tion of POM origin. Generally total fatty acid concentrations have been found to decrease with
increasing depth (Fileman et al., 1998; Parrish et al., 2005), and between sinking and benthic frac-
tions (Budge and Parrish, 1998). Additionally, relative proportions of individual fatty acids were
shown to vary with POM fraction (Budge and Parrish, 1998). Bacterial and terrestrial fatty acid
biomarkers dominated sediment composition relative to SPM, which had greater relative propor-
tions of marine biomarkers. The use of fatty acid biomarkers and relative proportions of groups of
fatty acids can provide useful information on sources and degradative states of POM.
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Carbohydrates are abundant biochemicals and common structural and storage compounds in ma-
rine organisms (Cowie and Hedges, 1984; Ríos et al., 1998). High carbohydrate and low amino
acid contents are characteristic of terrigenous source material (Haake et al., 1993). A key role of
carbohydrates in vascular plants is structural, and they account for approximately 75 weight %
(Hamilton and Hedges, 1988). In comparison, less than half of bulk carbohydrates in plankton are
structural and they comprise 20 to 40 weight % (Hamilton and Hedges, 1988). This range of carbo-
hydrate contribution to plankton mass is dependent on environmental conditions such as nutrient
and light availability (Richardson and Cullen, 1995). Glucose is a common storage sugar and has
been shown to be susceptible to degradation in SPM (Ittekkot et al., 1982), sediment trap materials
(Cowie and Hedges, 1984), and sediments (Hamilton and Hedges, 1988). Seasonal trends in the
relative proportion of terrigenous polysaccharides have been observed in sediment traps and sedi-
ments (Cowie and Hedges, 1984). Carbohydrate sourced from the marine environment dominated
sediment trap and sediment composition, with an increase of terrestrial sourced carbohydrate in
winter. Another study showed weight percentages of bulk carbohydrate increased with depth from
plankton source to over 3000 m (Hedges et al., 2001). In comparison, shallower coastal sites (210
m, Saanich Inlet) have found glucose contributions to total carbohydrate to decrease with increas-
ing sediment trap depth, and lower contributions in sediments relative to sediment trap materials
(Hamilton and Hedges, 1988). Carbohydrates form an important component of both marine and
terrestrial organisms. Additionally, they play an key role in phytoplankton buoyancy regulation via
carbohydrate ballast (Richardson and Cullen, 1995). Therefore, carbohydrates are an substantial
component of organic material, and are important to characterise.
1.3.4 Reactivity of POM
The relative proportions of the three major biochemical classes discussed (amino acids, fatty acids,
and carbohydrates) influences the reactivity of POM. Amino acids, fatty acids, and carbohydrates
are more reactive to degradation relative to bulk organic material (Cowie and Hedges, 1992b,
1994; Wakeham et al., 1997b). Phytoplankton are a major source of POM in surface waters and
are rich in these three main macromolecules (Ríos et al., 1998). Terrigenous material forms an
additional main source of POM in coastal zones, and the chemical composition of this material
can be very different to marine sources (Hedges and Keil, 1995; Hedges et al., 1997). However,
POM composed primarily of marine derived organic material is generally more reactive than ter-
restrial material, due to the heavily altered nature of terrestrial material, which occurs during soil
formation and during its transport (Hedges and Keil, 1995; Loh et al., 2002; Burdige, 2005). Addi-
tionally, the high mineral loading of terrestrial material can physically protect the organic fraction
from degradation.
Sorption of minerals can protect organic material making it less bioavailable (Keil et al., 1994;
Hedges and Keil, 1999). Sorptive preservation has the potential to protect organic material from
remineralisation, and it has been shown that organic matter in sediments can be protected by miner-
als for up to 500 years (Keil et al., 1994; Arnarson and Keil, 2005). Once the organic material was
desorbed from the minerals, remineralisation of the organic material occurred within days (Keil
et al., 1994). This demonstrates how minerals can protect organic material from degradation, and
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this is especially important in coastal regions where there is a high mineral load. Mineral incorpo-
ration into aggregates can protect PM from bacterial degradation by reducing their bioavailability
on a timescale of weeks (Arnarson and Keil, 2005). This implies that POM with mineral protec-
tion in coastal settings could transition to the seafloor without extensive degradation. Other stud-
ies have shown that the biochemical structure of POM containing inorganic matrices can undergo
minimal changes due to their protection from bacterial degradation (Hedges et al., 2001; Arnarson
and Keil, 2005). A study using the addition of clay, found organic-mineral aggregates to be less
bioavailable than organic aggregates without clay addition (Arnarson and Keil, 2005). Carbonate
and opal are natural ballasting components of marine POM and do not have the same sorptive
properties as clays and other terrestrially derived minerals. Studies have found carbon-specific
respiration rates in ballasted aggregates versus non-ballasted aggregates were similar, which sug-
gests incorporation of carbonate and opal did not provide labile POM protection from bacterial
remineralisation (Ploug et al., 2008a; Iversen et al., 2010).
As discussed, biochemical composition is important in determining the lability of POM. Addi-
tionally, the bio-availability of POM has been linked to POM characteristics. For example fast-
sinking POM contained less labile material in comparison to slow-sinking which contained more
labile material (Goutx et al., 2007). This fast sinking material could potentially include mineral
ballast, which increases its sedimentation rate, and decreases its bio-availability. Further studies
have shown that addition of minerals can decrease the amount of POC in aggregates (Passow et al.,
2014; Schmidt et al., 2014). These studies did not investigate the reactivity of the aggregates cre-
ated, but decreased relative proportions of POC and the addition of mineral material which can
physically protect the organic material; suggesting the created aggregates would have a lower re-
activity relative to those without mineral addition. A further study has shown the respiration rate
of bacteria which colonise aggregates is proportional to POC content (Ploug and Grossart, 2000).
Other factors which affect the reactivity of POM include modification processes by zooplank-
ton and bacteria. Both zooplankton and bacteria able to transform the biochemical composition
of POM into less reactive by-products, through the selective consumption of labile compounds
(Cowie and Hedges, 1996). Additionally, zooplankton are able to fragment aggregates thereby af-
fecting sedimentation rates, residence times in the water column, and potentially reactivity (Mayor
et al., 2014). There are many factors which affect the reactivity of POM, which ultimately deter-
mines its fate in the water column; whether the material is remineralised at the surface, or exported
to depth. Linking biochemical composition to POM reactivity will provide information on which
key components determine the speed of remineralisation of POM.
1.3.5 Physical processes
There are a number of physical processes that affect the formation, composition, and sedimenta-
tion of PM in a coastal environment (Figure 1.1). Coastal regions are generally hydrographically
dynamic environments with strong currents and mixing in a relatively shallow, highly advective
water column (Hedges et al., 1988a). This results in lateral advection and sediment focusing of
PM, which in turn supplies oceanic environments with PM that originates from coastal regions
(Wakeham and Lee, 1989; Bauer et al., 2013). Advection of PM affects the sedimentation of PM
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from the surface (from a marine or terrigenous origin), which rarely has a straightforward vertical
journey to the seafloor. Therefore, distribution of PM in coastal zones is suggested to be driven by
the hydrodynamic sorting of PM in the water column (Keil and Hedges, 1993).
Resuspension of sediments is a further process which determines the re-distribution of PM, and
occurs via wave or tidal mixing (Cowie and Hedges, 1992b). It is a typical process that occurs
in most coastal zones, and involves the re-distribution of relatively old planktonic remains back
into the water column (Hedges and Keil, 1995). An increase in mass flux with depth is a key
indicator for lateral advection and resuspension processes (e.g. Sancetta and Calvert, 1988; Cowie
and Hedges, 1992b).
Physical processes affecting the distribution of PM are important to consider as they have the po-
tential to translocate PM from its source, so it has the potential to be under-sampled from the study
site. Alternatively, these processes have the potential to re-introduce PM, which has already be
deposited and undergone benthic degradation processes, back into the water column. This would
affect the material collected in sediment traps as the biochemical composition of sedimenting PM
compared to resuspended PM would be different.
1.4 Summary
There have been many open-ocean studies examining the spatial and temporal flux of PM into
deep sea environments (e.g. Wakeham et al., 1997a; Lee et al., 2000; Hedges et al., 2001; Ingalls
et al., 2006; Lampitt et al., 2008; Steinberg et al., 2008; Wilson et al., 2008; Wakeham et al., 2009;
Wilson et al., 2013). Further studies in coastal settings have investigated PM flux, and composition
in plankton, suspended PM, sinking PM and/ or sediment fractions (e.g. Cowie and Hedges, 1984;
Hedges et al., 1988b; Sancetta and Calvert, 1988; Cowie and Hedges, 1992b; Budge and Parrish,
1998; Dauwe et al., 1999; Budge et al., 2001; Parrish et al., 2005). The organic biogeochemical
composition of PM is a significant factor in determining the efficiency of the BCP because it
can affect POM characteristics such as size, shape, and density, sinking velocities, lability and
remineralisation rates. A number of these highlighted studies have used biochemical components
such as lipids (e.g. Wakeham et al., 1997a; Parrish et al., 2005), amino acids (e.g. Cowie and
Hedges, 1992b; Ingalls et al., 2006), carbohydrates (Cowie and Hedges, 1984), pigments, or a
combination of biochemicals (e.g. Lee et al., 2000; Hedges et al., 2001; Wakeham et al., 2009), as
markers of POM source and diagenetic status. These studies have enhanced understanding of how
PM biogeochemical composition varies with source material, PM depth in the water column, and
in response to modification processes. Coastal studies have observed a shift from POM of a marine
predominance, to a relatively higher proportion of terrestrially derived POM during winter (Cowie
and Hedges, 1984; Hedges et al., 1988b). Additionally, relative proportions of key biochemical
compounds (carbohydrate, amino acids, and fatty acids) were generally found to decrease with
depth, and during transition into the sediment interface (e.g. Hamilton and Hedges, 1988; Cowie
and Hedges, 1992b; Budge and Parrish, 1998; Fileman et al., 1998; Parrish et al., 2005). This study
investigates plankton dynamics, PM composition, and sedimentation rates in a complex near-shore
environment, in which terrigenous inputs play a critical role in organic matter cycling.
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The magnitude of the BCP, and complex interrelated processes, which vary across spatial and
temporal scales, have resulted in constrained understanding of certain aspects of the BCP. For
example, the composition and physiological state of phytoplankton are recognised as key drivers
in producing aggregates (e.g. Wakeham et al., 2009; Herndl and Reinthaler, 2013; Guo et al.,
2016). However, few studies investigating carbon export simultaneously analyse the overlying
phytoplankton community structure. Seasonal variations to community structure linked to phyto-
plankton biochemical composition (which can provide physiological status of cells), could provide
valuable information on key species or community structures which have the highest contribution
to carbon export, and provide information on the biochemical quality of the POM.
An additional area in which understanding could be furthered, and was identified as a key re-
search area at a recent BCP workshop, included enhanced characterisation of PM, with the aim
of linking PM characteristics to function, behaviour, and fate in the water column (Burd et al.,
2016). The large particle size spectrum of PM and complex interrelated processes modifying par-
ticles during their sedimentation, can make characterising PM challenging. The episodic pulsing
nature of the BCP, driven by blooming organisms and periods of high terrestrial run-off for ex-
ample, and PM size spectra makes it difficult to representatively sample PM using discrete time
points and one instrument. Recent studies have highlighted the importance of the contribution of
slow-sinking, suspended particles to carbon export, which were previously thought to be reminer-
alised at shallower depths (Riley et al., 2012; Durkin et al., 2015; Baker et al., 2017; Cavan et al.,
2017). The origin of slow-sinking suspended material, and whether is it generated at the surface
or as a result of larger particles fragmenting, is a key question to be addressed, especially in a
coastal setting. Using a suite of biogeochemical indicators has the potential to aid understanding
of why, and how, certain types of PM (including slow and fast sinking particles) are either labile
or refractory to degradation. Studies have previously investigated remineralisation of POM (e.g.
Boyd et al., 2015; McDonnell et al., 2015), but rarely simultaneously measured biogeochemical
composition. The coupling of these two approaches would provide valuable information on key
compounds driving reactivity and determining the fate of POM in the water column. These are
important areas to address as the origin and biogeochemical composition of PM are key factors in
controlling PM sinking velocities and degradation, thereby affecting the efficiency of the BCP (De
La Rocha and Passow, 2007). Enhancing understanding of composition, reactivities, and fate in
the water column of different PM fractions could lead to accurate representation in carbon budgets
and biogeochemical models.
The effect of climate change on the BCP is expected to be complex (Passow and Carlson, 2012;
Boyd, 2015). Phytoplankton community structure is predicted to change with global replacement
of diatoms by smaller phytoplankton cells (Henson et al., 2013; Boyd, 2015). This shift is in-
duced by a predicted increase in stratification and nutrient depletion as climate changes (Gattuso
et al., 2015). With this scenario, the higher relative proportions of small versus large particles,
could lead to slower sinking velocities of PM, and a reduction in the amount of carbon exported.
Additionally, it has been suggested that over the last 20 years, the amount of organic carbon in
the marine environment has doubled as a result of increases in run-off (Callaway et al., 2012).
Shifts in phytoplankton community structure, and potential increases in the relative proportions
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of terrestrial material in the marine environment as a result of increased run-off, could result in
PM with a very different biogeochemical composition to those observed in present studies. This
would affect a range of oceanic scale biogeochemical cycles, the distribution of elements in the
water column, and the food source available to both pelagic and benthic fauna.
1.5 Thesis motivation and research questions
The first motive for this study was to enhance understanding of microphytoplankton commu-
nity dynamics and associated sedimentation rates. Examining how the dominant species and/
or community structure affects sedimentation rates over a seasonal cycle, could further under-
standing of which microphytoplankton species are key contributors to carbon export. Recent stud-
ies have shown the importance of individual phytoplankton cells in contributing to carbon export
(Dall’Olmo and Mork, 2014; Durkin et al., 2015, 2016). Additionally, previous studies have linked
post-bloom phytoplankton populations to higher sedimentation rates (Smayda and Boleyn, 1966;
Passow, 1991), despite higher lipid synthesis in some species during this period (Diekmann et al.,
2009). This seems counter-intuitive, as lipids are less dense than seawater, and should increase
buoyancy. However, this is also dependant on the other biogeochemical components, which could
potentially counter act the higher lipid content. A clearer understanding of how microphytoplank-
ton community composition, linked to biochemical composition and environmental conditions,
can affect sedimentation mechanisms which drive the BCP is needed.
A second motivation focused on the need to characterise PM of different fractions with respect
to their seasonally varying biogeochemical composition and flux. Molecular-level analysis of key
biogeochemical compounds, can provide detailed information on origin, and degradation state of
POM, that routine bulk analyses cannot. Suspended and sinking fractions of PM could potentially
be sourced from different origins, have different sedimentation mechanisms, and therefore varying
contributions to carbon export. The dynamic nature of coastal environments, and diverse sources
of PM drives the coastal BCP, which also plays a major role in oceanic and global carbon budgets.
Accurate characterisation across a spectrum of PM is needed to achieve a clearer idea of the
function, behaviour, and fate of PM in a coastal setting.
The final motive was to determine how the chemical composition of different fractions of POM
effected reactivity. Many studies have investigated biogeochemical composition of POM (e.g.
Cowie and Hedges, 1992b; Lee et al., 2000; Parrish et al., 2005; Wakeham et al., 2009) and rem-
ineralisation rates (e.g. Boyd et al., 2015; McDonnell et al., 2015; Cavan et al., 2017) individually,
and have rarely addressed both simultaneously (Goutx et al., 2007). This coupling will add an
extra dimension to understanding which key biogeochemical components, or combinations, drive
the remineralisation rates of different fractions of POM.
These motives take a holistic approach to enhancing understanding of the BCP; from microphy-
toplankton community dynamics, which underpin the BCP, to determining the biogeochemical
composition and reactivity of POM, which affects POM fate and cycling in the water column and
seafloor. These motivations have lead to the following research questions which will be addressed
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in this thesis:
1. What is the role of biochemical and environmental parameters in determining microphyto-
plankton sedimentation rate?
2. How does the biogeochemical composition of particulate material vary at sequential stages
of transport from the surface to the seafloor?
3. What is the relationship between the biogeochemical composition and reactivity of sus-
pended and sinking fractions of particulate material?
1.6 Thesis outline
The remainder of this thesis is composed of five chapters which are briefly described below:
• Chapter 2 characterises the biological, chemical and physical environment at site LY1 in
the Firth of Lorne. Site LY1 was selected as a coastal environment representative of the
west coast of Scotland and has been historically sampled. Field work studies were carried
out at site LY1 between March 2015 to November 2016. This chapter investigates seasonal
changes in the physical (temperature, salinity, density, cline depths, stratification index),
chemical (inorganic nutrient concentrations), and biological (chlorophyll-a concentrations,
microphytoplankton community composition) environment. The physical environment of
an additional study site, RE5 in Loch Etive, is also contrasted to the main site LY1. This
environmental characterisation chapter is used as a benchmark for the other experimental
chapters, which utilise samples collected from LY1 and RE5.
• Chapter 3 investigates sedimentation rates of the suspended fraction of POM with a par-
ticular focus on microphytoplankton. Settlement columns (SETCOLs, designed by Bien-
fang et al. (1983)) were used to calculate the sedimentation rate of microphytoplankton
community, collected above and below a density discontinuity, in relation to environment
and biochemical composition drivers. The results are discussed in the context of how mi-
crophytoplankton community structure, seasonal changes in the physical environment, and
biochemical composition have the potential to influence sedimentation rates.
• Chapter 4 describes the biogeochemical composition of suspended, sinking, and benthic
fractions of PM collected from site LY1 over a seasonal cycle. A range of source and degra-
dation indicators were used to investigate PM composition during periodic sampling "snap
shots" down the water column. A range of diagenetic indicators, molecular-level analysis
(amino acids and fatty acids), and lithogenic tracer elements, were used to determine the
source and degradation state of POM at sequential stages of transport. The results are dis-
cussed in the context of biogeochemical differences between PM fractions, and the role of
seasonality affecting PM source material.
• Chapter 5 describes the use of oxygen consumption rates as a proxy for PM reactivity. Both
SPM collected from above and below the pycnocline, and sinking sediment trap material,
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were analysed for seasonal reactivity differences. Reactivity is defined as the rate at which
PM is respired and broken down into organic and inorganic material. During PM degrada-
tion, oxygen is consumed directly or indirectly and is therefore a good tracer for biological
activity. SPM and sediment trap material was incubated for short periods (up to 5 hours)
and oxygen consumption rates were measured using oxygen optode sensor spots (Pyro-
Science Sensor Technology). The relationship between PM reactivity and biogeochemical
composition was investigated. The results are discussed in the context of PM of different
fractions having different remineralisation efficiencies, which will ultimately impact their
contribution to carbon export.
• Chapter 6 aims to provide a overview of the overall results and findings of the previous four
chapters. Suggestions for future areas of research, and final conclusions are also made.
Chapter 2
Environmental characterisation of a western
Scotland coastal site
2.1 Introduction
The coastline of west Scotland has a complex morphology in which glaciation has produced many
islands, peninsulas, and glacially deepened sea lochs (or fjords; Edwards and Sharples, 1985).
Hydrography is influenced by the north east Atlantic Ocean and the Scottish Coastal Current which
is driven from south to north by the Irish and Clyde Seas (Figure 2.1; Ellet and Edwards, 1983).
The complex coastal morphology, abundance of topographic features, and convoluted bathymetry
result in locally fast flowing, turbulent, and well mixed upper water column (Ellet and Edwards,
1983). Stratification of coastal waters varies and is determined by salinity changes from freshwater
input, and the degree of wind and tidal mixing (Ellet and Edwards, 1983). The focus of this study
is the north east end of the Firth of Lorne, where several other bodies of water converge (Loch
Linnhe, Loch Creran, Loch Etive, and the Sound of Mull).
Located in the Firth of Lorne, site LY1 was selected as a seasonal sampling station with the aim
of: 1) collecting periodic snap shots of microphytoplankton community composition and sedi-
mentation (Chapter 3), 2) determining biogeochemistry of water column suspended, sinking, and
benthic particulate material (Chapter 4), and 3) determine the reactivity of organic matter (Chapter
5). Site RE5 in Loch Etive was used as an additional study site, with a vastly different physical
environment, to compare to data from LY1.
2.1.1 Firth of Lorne and study site LY1
Site LY1 (56◦28.9 ’N, 5◦30.1 ’W, 52 m depth) is a site representative of western Scottish coastal
waters (Figure 2.2; Fehling et al., 2006). Site LY1 is part of a transect of stations along the Firth
of Lorne into Loch Creran, and historical data sets from the 1970s, 1980s and 2000s provide
background information on the area. These historical data sets include phytoplankton abundance,
inorganic nutrient analysis, and particulate carbon and nitrogen analysis. Additionally, the Firth of
Lorne is a Special Area of Conservation (SAC) due to the presence of inshore rocky reef habitats,
and in 2014 a network of Marine Protected Areas (MPA) were designated in this area and formally
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Figure 2.1: Current flow on the west coast of Scotland and area of study highlighted in red box.
Modified from Inall et al. (2009)
protected since 2016.
Located north east of the Greag Isles and on the east coast of the Isle of Lismore, LY1 receives
an outflow from the fjordic sea lochs Etive, Creran and Linnhe, and an inflow from the open
sea. Loch Linnhe is one of the largest sea lochs on the west coast of Scotland, and receives
considerable freshwater inflow. Circulation in the Firth of Lorne is influenced by freshwater input
in the upper and central sections, sourced from lochs Linnhe, Creran, and Etive. The lower seaward
section is heavily influenced by Atlantic and Irish sea origin waters (Figure 2.1; Berx et al., 2015).
Additionally, the Corryvreckan whirlpool, driven by tidal forcing between the islands of Scarba
and Jura, is located further south from LY1. Recorded maximum water speeds of 4.5 m s−1 affect
sediment dynamics within the surrounding area of the whirlpool (Howe et al., 2015). These strong
tidal flows extend out into the Firth of Lorne (Dale et al., 2011). Additionally, there is a wide
variation in bathymetry and currents within the Firth of Lorne, that drives the turbulent flow of
seawater making the area a highly dispersive environment (Dale et al., 2011). This high energy
environment results in the suspension of sediments, which are controlled by tide and wind driven
currents (Dale et al., 2011). The composition of the suspended sediment determines whether it is
likely to sink or undergo lateral advection (Perry, 2010). Inshore, shallow water (<50m) sediment
is composed of thick accumulations of mud, in addition to fine-grained, organic-rich sediment
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Figure 2.2: Site LY1 in the Firth of Lorn and RE5 in Loch Etive (OS Maps). SAMS: Scottish
Association of Marine Science
the dynamic environment of LY1 is essential for interpreting the quantity and quality of particulate
material collected during sampling.
2.1.2 Loch Etive and study site RE5
Loch Etive is a sea loch situated north of Oban along the fjordic coastline of the west coast of
Scotland (Figure 2.2; Gage, 1972). The loch is approximately 30 km in length and is composed of
a series of shallower lower basins oriented east to west, and a main upper basin oriented north east
to south west (Figure 2.3; Howe et al., 2002). Fjordic systems are characterised by the presence of
sills, which restrict exchange of water between the open sea and the fjord basin (Stashchuk et al.,
2007). Loch Etive contains six sills, the largest of which is the Bonawe sill (13 m below mean
high water (Nørgaard-Pedersen et al., 2006), which separates the lower basin (maximum depth of
68 m) from the upper basin, which stretches from the Bonawe sill to the head of the loch at Glen
Etive (Edwards and Sharples, 1985). The upper basin reaches a maximum depth of 153 m at the
Bonawe deep (RE5; Figure 2.3).
Loch Etive is connected to the Firth of Lorne through a narrow (200 m) and shallow sill which
creates strong tidal flows at the Falls of Lora (Edwards and Sharples, 1985). Tidal forcing is
predominantly semi-diurnal, with a neap range of 1.1 m and a spring range of 1.8 m (Austin and
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Figure 2.3: Bathymetry of Loch Etive taken from Overnell et al. (2002)
Inall, 2002). These tidal streams create a turbulent, dispersive environment with maximum surface
currents recorded of 4 m−1 s−1 (Hicks et al., 2016). Attenuation at the Falls of Lora reduces the
tidal range inside the loch to 2 m compared to an external range of 4 m (Wood et al., 1973).
The rivers Awe (which enters laterally adjacent to Bonawe sill), Etive and Kinglass are major
contributors to freshwater inputs into Loch Etive. The total river catchment area is larger than any
other Scottish fjord, and is approximately 1400 km2 (Edwards and Edelsten, 1977; Howe et al.,
2002).
The upper basin and site RE5 (56◦27 ’N, 5◦11 ’W) has been widely studied because it is an excel-
lent example of restricted exchange dynamics. High freshwater input and the restricted exchange
with the Firth of Lorne limits deep water renewal events occurring. Renewal events occur on
average every 16 months when freshwater inputs are reduced, and surface water temperatures de-
creases (Edwards and Edelsten, 1977). Surface density reaches a critical value where it is able to
circulate deep within the upper basin and replenish the old water. Additionally, wind conditions
are important for driving these renewal events through the creation of internal waves (Hicks et al.,
2016). Deep water currents are considerably smaller (0.5 m−1 s−1) than those observed at the
turbulent tidal stream of the Falls of Lora (Howe et al., 2002). Renewal events can vastly change
deep water properties; for example, a renewal event in May 2000 resulted in dissolved oxygen
concentrations increasing from 0.9 mg L−1 to 9.5 mg L−1 (Austin and Inall, 2002).
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2.1.3 Research objectives
This chapter aims to provide a descriptive characterisation of the physical, chemical, and biolog-
ical environment at site LY1 over two sampling seasons (2015 and 2016). In addition, this study
aims to describe the environment at RE5 and compare parameters to similar dates visited at LY1.
Research questions specific to this Chapter include:
1. How do the environmental parameters differ seasonally and between the two sample years
(2015 and 2016) at LY1?
2. What are the environmental differences between sites LY1 and RE5?
2.2 Methods
2.2.1 Study site
LY1 was easily accessible from the Scottish Association for Marine Science (SAMS) based at
Dunstaffnage with a short journey time of 20 minutes on RV Seol Mara. Site LY1 was period-
ically sampled from March to November in 2015 (Table 2.1) and 2016 (Table 2.2). Dates were
categorised into seasons based on the meteorological calender which defines spring (March, April,
May), summer (June, July, August) and winter dates (September to February; autumn and winter
were grouped into winter seasons due to the low number of sampled dates; UK Meterological
Office, 2019). Loch Etive RE5 was sampled on 13th June 2016 during a collaborative trip with
Doctor Greg Cowie and undergraduate students from the University of Edinburgh.
2.2.2 Sample collection
A conductivity, temperature and depth (CTD) profiler (Seabird SBE 19, Sea-Bird Electronics)
was used to determine physical parameters of the water column, including the position of the
pycnocline which was important for sampling. Samples were taken from above and below the py-
cnocline and were of interest to investigate how microphytoplankton sedimentation rate changed
across a density discontinuity (Chapter 3). The CTD was lowered by a winch cable over the stern
of the boat and kept submerged at the surface for one minute to allow the sensors to equilibrate.
The CTD was then lowered to approximately 5 metres from the seabed whilst measuring tempera-
ture, conductivity, density, dissolved oxygen concentrations, and fluorescence profiles of the water
column. Water column profiles were examined on-board using SeaTerm programme to determine
water sampling depths. On return to the laboratory, raw CTD data were processed using SBE data
processing software.
A range of water column samples were taken during the 2015 sampling campaign from depths
above and below the pycnocline (Table 2.1). The quantity and type of samples collected was
increased during the 2016 field work. Water column samples were taken with Niskin bottles from
above and below the pycnocline, 20 m (depth at which sediment traps were deployed) and 45 m
(close to the seafloor where cores were taken; Table 2.2).
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Table 2.1: Details of water column samples collected during 2015 sampling campaigns includ-
ing date, season, sample depth (m) above (A) and below (B) the pycnocline, and sample analyses
Date Day in year Season Sample depth (m) Pycnocline Analyses











07/04/2015 97 Spring 5 A
10 B
15/04/2015 105 Spring 3 A
15 B
05/05/2015 125 Spring 3 A
10 B
13/05/2015 133 Spring 2 A
10 B
11/06/2015 162 Spring 6 A
10 B
06/07/2015 187 Summer 5 A
10 B
18/08/2015 230 Summer 3 A
8 B
27/10/2015 300 Winter 3 A
10 B
Table 2.2: Details of water column samples collected during 2016 sampling campaigns includ-
ing date, season, sample depth (m) above (A) and below (B) the pycnocline, and sample analyses
Date Day in year Season Sample depth (m) Pycnocline Analyses
03/03/2016 90 Spring 4 A Inorganic
10 B nutrients
06/04/2016 97 Spring 5 A (all depths)
10 B
20 - Chlorophyll
32 - (all depths)
















Date Day in year Season Sample depth (m) Pycnocline Analyses
20 -
45 -

















Cline depths (thermocline, halocline and pycnocline) were calculated using the two-box method of
Planque et al. (2006), in which the water column is formed by two homogeneous layers separated





where Z1 is the water column total height, ρm is the mean of the hydrological variable, ρ1 is the
bottom water hydrological variable, and ρ0 is the surface water hydrological variable
Stratification index (Ŝ) was used as a measure of stratification and was calculated by integrating
the mean density (sigma-theta) differences down the water column profile (Fortier and Legget,







where n is the number of pairs of adjacent measurements, ∆σ t i the difference in water density
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between the ith pair of measurements and ∆Zi the depth interval between the ith pair of measure-
ments fixed at 1 m. When the difference in density was greater than 0.1, the water column was
considered to be stratified (Fortier and Legget, 1982).
Wind speed and rainfall data from the Dunstaffnage weather station (56◦ ’N, 5◦26.3 ’W) were ob-
tained for the period January 2015 to December 2016 from the UK Meteorological Office Historic
station data (UK Meterological Office, 2017). Dunstaffnage weather station is a historic station
which has been collecting data since 1972.
2.2.4 Inorganic nutrient concentrations
Water samples (50 ml) from above and below the pycnocline were filtered through 25 mm glass
fibre filters (Whatman GF/F) and the filtrate was collected into 50 ml plastic centrifuge tubes (2015
sampling). In addition to samples from above and below the pycnocline, nutrient samples were
taken from 20 m (sediment trap depth) and approximately 45 m (near seafloor sample) for 2016
sampling. Tubes were labelled and frozen at -20◦C until analysis. Determination of inorganic
nutrient concentration (silicate, nitrate, and phosphate) was carried out using colorimetric analysis
(Grasshoff et al., 2009) with an auto-analyser (Lachat QuickChem 8500) using a standard flow
injection method.
Batches of samples were removed from the freezer and defrosted overnight before analysis. For
each batch, standard stock solutions of nutrients were prepared in DI H2O from which a mixed
working solution of nitrate, phosphate and silicate standards was used. Each calibration was con-
ducted with five dilutions at 20, 25, 33.3, 50 and 100 times and a blank run with low nutrient
seawater (OSIL nutrients <1 µM per litre). For natural seawater concentrations the following
ranges were chosen: PO4 0 - 2.5 µM, SiO3 0 - 10.0 µM, NO3 0 - 10.0 µM. Calibration coeffi-
cients were obtained using first or second order polynomial regression (Omnion software, Lachat
Instruments, USA).
Triplicate aliquots (8 ml) from samples were used for analysis. The times 33.3 dilution standards
were run in triplicate at the beginning and the end of each batch in order to obtain a drift correction.
Incremental drift correction, calculated from the average difference of the drifts, was applied to
samples. The limits of detection (LOD) for the instrument was calculated for each nutrient by
sampling low nutrient seawater in triplicate and then multiplying the standard deviation by three
(LOD PO4 0.13 µM, SiO3 0.05 µM, and NO3 0.27 µM). Method precision was calculated by
dividing the standard deviation of the replicates by the mean and multiplying by 100. The method
precision for PO4, SiO3, and NO3 was ≤ 7.5 %, 28.26 %, and 24.3 % respectively.
2.2.5 Chlorophyll-a
Chlorophyll-a samples collected during 2015 from the depths specified in Table 2.1 were measured
by filtering 500 ml through 25 mm glass fibre filters (Whatman GF/F; NB: 2016 chlorophyll
samples not yet processed). Samples were frozen at -20 ◦C until analysis. Pigments were extracted
in 10 ml of 90 % acetone, which was placed in a 15 ml centrifuge tube while the filter was still
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frozen. The centrifuge tubes were kept in the dark at 4 ◦C for a minimum of 18 hours. Tubes were
placed on ice in the dark, individually sonicated for 1 minute, and then centrifuged for 6 minutes
at 4 ◦C at 4000 rpm.
The fluorometer (Turner TD 700 Laboratory fluorometer, Turner Designs) was set up using a pre-
stored calibration using 25 mm glass test tubes (Tett, 1987). Before every sample was measured,
test tubes were rinsed thoroughly first with DI H2O and then with 90 % acetone. Samples were
then placed in to the test tube and wiped clean before placing in the fluorometer. A second mea-
surement of each sample for pheophytin concentrations was taken using fresh sample with the
addition of 50 µL of 2 N 8 % hydrochloric acid which was gently mixed.
2.2.6 Microphytoplankton community composition
Microphytoplankton community composition was investigated (Table 2.1 and 2.2) using 55 ml
samples preserved in Lugol’s solution. Samples were carefully homogenised and placed into a
50 ml settlement chamber (Hydrobios) for 24 hours. Once settled, samples were analysed using
an Axio S100 or S200 inverted microscope fitted with 10x, 20x and 40x magnification objec-
tives and x10 eyepieces (use of two microscopes due to logistical limitations on microscope use).
Each chamber underwent an initial scan to estimate dominant species present and determine count
method. Full chamber counts were carried out at 200x magnification. During blooms of species
such as Skeletonema, Chaetoceros and Pseudo-nitzscha spp., half chamber or transect cell counts
were used along with full chamber counts for everything else. Chain lengths of all chain forming
species were recorded. Guides used for phytoplankton ID included Identifying marine phytoplank-
ton (Tomas, 1997), Phytoplankton of Norwegian Coastal Waters (Throndsen et al., 2007), Marine
Phytoplankton (Hoppenrath et al., 2009), and Coastal Phytoplankton (Kraberg et al., 2010).
2.2.7 Statistical analysis
Principle component analysis (PCA) is a multivariate tool that allows a large number of variables
to be reduced into a few principle components. A correlation matrix was used to perform PCA
to investigate the dissimilarity in the chemical and physical parameters between sample dates and
depths for both of the sample years (spring sample dates 2015 n = 6, summer sample dates 2015 n
= 2, winter sample dates 2015 n = 1, spring sample dates 2016 n = 4, summer sample dates 2016 n
= 5, winter sample dates 2016 n = 2). Environmental data was log transformed to account for the
high degree of variation between environmental parameters. This PCA analysis was carried out
using Minitab 17.
Further multivariate statistical analyses were used to identify differences in microphytoplankton
community composition over the sampling days. Microphytoplankton cell counts were fourth root
transformed to account for both absent and highly abundant species. Seasonal similarities between
the microphytoplankton communities in 2015 and 2016 were represented with non-metric multidi-
mensional scaling (nMDS) plots. A Bray Curtis similarity matrix was used. The spatial orientation
of samples on nMDS plots indicates the similarity of microphytoplankton communities between
sample dates. Statistical differences between the seasonal composition of microphytoplankton
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communities were analysed using one way permutation based analysis of similarity (ANOSIM).
Similarity percentage (SIMPER) analysis was used to identify the most important microphyto-
plankton taxa contributing to the similarities. A 90 % cut off for low contributions was applied to
the SIMPER analysis. Analyses were carried out using PRIMER v.6 software.
2.3 Results and discussion
2.3.1 Site LY1
2.3.1.1 Environmental characterisation
CTD casts show temporal variability in upper 20 m water column structure between 2015 (Figure
2.4) and 2016 (Figure 2.5; full water column profiles Figure A.1). Water temperature down the
water column was relatively uniform between March and November during both years ranging
from 5.99 to 13.78◦C in 2015, and 7.62 to 14.36◦C in 2016. The top 5 m of the water column was
generally warmer than deeper depths for the majority of 2015 and 2016 until winter when the water
column was warmer below 5 m than the surface layers. There was a more pronounced thermocline
especially during summer and winter sampling dates in 2016 (Figure 2.5) when compared to 2015
(Figure 2.4).
Salinity ranged from 22.74 psu to 33.21 psu during 2015, and was highly variable within the super-
ficial layer over the year (Figure 2.4). Surface salinity was lowest during spring and winter, with
higher surface salinity during summer months. Differences between salinities in the surface layers
and deeper layers were larger earlier in the year. Surface salinity was low during the initial sam-
pling days in 2016, but then increased substantially during spring and early summer (Figure 2.5),
in contrast to the lower surface salinities during this period in 2015. Surface salinity decreased in
the following months and was at its lowest mid-August at 25.50 psu (Figure 2.5).
Salinity determined seawater density at LY1 as temperature was found to be relatively uniform
down the water column (except in winter 2016). Density ranged from 17.89 to 25.54 kg m3 during
2015, and from 18.81 to 26.08 kg m3 during 2016. Within the top 5 m density was highly variable
in comparison to deeper layers, which had a lower range of densities over both the years. There
were larger differences in density down the water column at the beginning of the year in 2015,
where surface seawater density was less dense than later in the year (Figure 2.4). This was in
contrast to 2016, where at the beginning of the year surface density was at its highest and began
to decrease later in the year from day 175 (Figure 2.5).
The extent of stratification at LY1 varied over 2015 and 2016 (Figure 2.6). Following the first few
sampling days where the water column was stratified, vertical stratification fluctuated above and
below the 0.1 threshold (Fortier and Legget, 1982) until day 150 when stratification peaked again.
Subsequently stratification decreased for the remainder of 2015 except for an increase on the last
sampling date. This trend of higher stratification earlier in 2015 corresponds to the period when
surface density was at its lowest relative to deeper layers and later sampling dates (Figure 2.4).
This trend was reversed in 2016 when, apart from initial sampling dates where surface density




















Figure 2.4: 2015 water column profiles of (a) temperature (◦C), (b) salinity (psu), and (c) density
(kg m3) at LY1. Circle = SETCOL experiment depths, triangles = CTD sampling events
was low resulting in higher stratification, there was a low degree of stratification during early 2016
(Figure 2.6). Stratification increased later in 2016 when surface waters were less saline and dense




















Figure 2.5: 2016 water column profiles of (a) temperature (◦C), (b) salinity (psu), and (c) density
(kg m3) at LY1 Circle = SETCOL experiment depths, triangles = CTD sampling events.
relative to under lying waters (Figure 2.5). Generally, there was a higher degree of stratification in
2015 than 2016 (Figure 2.6).
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Figure 2.6: Stratification index at LY1 during 2015 and 2016 with 0.1 stratification threshold
(red line)
Seasonal changes to physical and chemical parameters are evident at site LY1. A PCA analysis
was carried out to determine dissimilarity in the chemical and physical parameters between sam-
ple dates and depth for both years. Increasing distance between sample dates indicated a higher
dissimilarity in environmental parameters between sample date and depth (Figure 2.7a). In 2015,
PC1 explained 34.8 % of the variance in the data, while component 2 accounted for 21.8 %, giv-
ing a total of 56.7 % explained variation from these two axes alone. Figure 2.7a shows grouping
of points based on sample day with spring dates (represented in green, 79 to 162) being highly
variable but more similar to each other than sample dates in summer and winter (represented in or-
ange and grey, day 187 to 300). The large spread between sample day and depth above and below
the pycnocline during spring dates (Figure 2.7), shows the variability of the chemical and phys-
ical environment earlier in the year and variability with depth (Figure 2.4). Summer and winter
sampling days were similar to each other in terms of environmental characteristics, and were also
similar for samples from the same date taken from above and below the pycnocline. Temperature,
wind speed, and phosphate were important for explaining the spread of PC1 (Figure 2.7b). Higher
temperatures during summer and winter dates compared to lower temperatures during spring ex-
plained the separation. Higher concentrations of nitrate, phosphate (Figure 2.10) and wind speed
(Figure 2.9) during spring resulted in the dissimilarity of these dates to summer and winter where
they were lower. Day in year, stratification index, and silicate were responsible for the ordina-
tion of PC2. There was a higher degree of stratification in spring 2015 than in summer or winter
(Figure 2.6).












































































Figure 2.7: (a) Principle component analysis (PCA) ordination of log transformed environmen-
tal data for each sample day in 2015 above (A) and below (B) the pycnocline. Green= spring
dates, orange= summer dates, grey= winter dates (b) Loading plot of environmental variables
indicating the relation between sample day and depth with environmental variables. Red font
highlights factors important in explaining the spread of sample days on PC1 and blue on PC2





















































































Figure 2.8: (a) Principle component analysis (PCA) ordination of log transformed environmen-
tal data for each sample day in 2016 above (A) and below (B) the pycnocline. Green= spring
dates, orange= summer dates, grey= winter dates. (b) Loading plot of environmental variables
indicating the relation between sample day and depth with environmental variables. Red font
highlights factors important in explaining the spread of sample days on PC1 and blue on PC2

















































Figure 2.9: Monthly total rainfall (mm), and monthly mean wind speed (kn) at Dunstaffnage
weather station from 2015 to 2017
In 2016, PC1 explained 31.0 % of the variance in the data, while component 2 accounted for 28.0
%, giving a total of 59.0 % explained variation. A number of spring and summer sample dates
were in close proximity indicating similar environmental characteristics (Figure 2.8a). The largest
differences between above and below the pycnocline depths sampled on the same date were the
first sample date in spring (day 90), the majority of summer dates, and the first winter date (284;
Figure 2.8a). This coincides with the water column being relative well mixed during spring (Figure
2.5) with stratification increasing during summer and winter (Figure 2.6). Sample day and higher
silicate and phosphate concentrations during winter (Figure 2.11), were responsible for explaining
the dissimilarity of winter dates to summer and spring (Figure 2.8b). Spring surface waters had
high salinities and densities relative to summer and winter periods, which caused environmental
dissimilarities between these seasons (Figure 2.8b). Additionally, higher nitrate concentrations
in the spring and late winter were responsible for the difference between low concentrations in
summer sampling dates. The sample day of the year, high silicate and phosphate concentrations
in winter resulted in the dissimilarity of winter to spring and summer sampling dates.
Environmental data including total rainfall and mean wind speed from Dunstaffnage station were
analysed. Peaks in rainfall in March and May corresponded to low surface salinities during that
period (Figure 2.4). The highest monthly rainfall for both years occurred in December 2015 and
January 2016 with 342.6 mm, and 265.7 mm of rain respectively (Figure 2.9). Other periods of
high rainfall occurred during summer months in 2016, which resulted in less saline surface waters
(Figure 2.5) during the summer as opposed to spring in 2015. Wind speed was more variable in
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spring 2015 than 2016, with highest speeds of 12.6 kn in January 2015, and 9.9 kn in February
2016 (Figure 2.9).
2.3.1.2 Inorganic nutrient concentrations
Dissolved inorganic phosphate, silicate, and nitrate concentrations were higher in early spring and
lowest in summer and winter (Figure 2.10). Phosphate, silicate, and nitrate concentrations were
variable above versus below the pycnocline over the sampling period.
Initial phosphate concentrations were substantially higher below (3.4 µM) than above (1.7 µM)
the pycnocline and remained higher for the majority of 2015 (Figure 2.10). Silicate concentrations
were high and relatively similar at both depths for the first few sample dates, after which concen-
trations decreased and were variable between depths. Nitrate concentrations were highest below
the pycnocline in early spring (9.2 µM) after which they subsequently decreased at both depths
and to a minimum of 0.3 µM above the pycnocline.
Concentrations of phosphate, silicate, and nitrate in 2016 followed a similar trend to 2015. Con-
centrations were higher during spring and increased down the water column until summer; after
which, surface concentrations decreased relative to deeper concentrations (phosphate and silicate).
However, there were lower concentrations down the entire water column relative to spring for ni-
trate (Figure 2.11). During winter, concentrations of phosphate, silicate and nitrate increased.
Phosphate concentration was highest (0.6 µM) above the pycnocline at the end of the year (day
312) and lowest (0.1 µM) in surface waters during the summer (day 214). Silicate concentrations
were highest towards the end of the year (5.2 µM) and down the entire water column. Nitrate
concentrations were highest below the pycnocline at the beginning (6.5 µM) and end (4.4 µM) of
the year with low concentrations during the intermediate dates.
2.3.1.3 Microphytoplankton community composition
Microphytoplankton abundance was generally higher above than below the pycnocline during
2015, reaching a maximum of 43 x 105 and 20 x 105 cells L−1 respectively. The initial peak
in microphytoplankton abundance above the pycnocline (day 98) corresponded with maximum
chlorophyll concentrations (5.5 µg L−1; Figure 2.12a). Following this chlorophyll maximum,
concentrations slightly decreased and there was a large decrease in cell abundance (Figure 2.12a).
The secondary peak in microphytoplankton abundance (day 162) above the pycnocline was mir-
rored with an increase in chlorophyll concentration. Below the pycnocline, chlorophyll concen-
tration gradually increased to a maximum of 7.1 µg L−1 (Figure 2.12b). During this period of
high chlorophyll concentrations, microphytoplankton abundance peaked and then declined. How-
ever, also during this period, there was also a decrease in the number of cells when chlorophyll
concentration was at its highest.
LY1 demonstrated a classic temperate microphytoplankton cycle, with a spring bloom dominated
by diatoms and driven by high nutrient availability (Figure 2.10 and 2.13). Diatom abundance
peaked on day 98 in 2015 (Figure 2.13a), and day 90 in 2016 (Figure 2.13c) above the pycnocline,










































































Figure 2.10: Dissolved inorganic phosphate (a), silicate (b), and nitrate (c) concentrations (µM)
at LY1 during 2015. Error bars show the method error represented as standard deviation (n=3).
















































































Figure 2.11: Dissolved inorganic phosphate (a), silicate (b), and nitrate (c) concentrations (µM)
at LY1 during 2016. Error bars show the method error represented as standard deviation (n=3).
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Figure 2.12: Seasonal microphytoplankton abundance (cells L−1 x105) and chlorophyll concen-

















































































































































Figure 2.13: Diatom (cells L−1 x105), dinoflagellate and ciliate (cells L−1) abundance at LY1
above (A) and below (B) the pycnocline during 2015 (a) 2015 A, (b) 2015 B, and 2016 (c) 2016
A, (d) 2016 B
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and subsequently decreased as nutrient availability decreased. There was a secondary bloom of
diatoms on day 162 in 2015, in which cell abundances were at comparable levels to the primary
bloom. The 2016 secondary bloom occurred on day 153 but was of a lower abundance compared
to the primary bloom. Abundances of dinoflagellates were highest in spring 2015 (0.17 x 105
cells L−1), and then decreased until late summer (Figure 2.13a). In 2016 dinoflagellate abundance
was almost double than observed in 2015 and highest in summer (0.27 x 105 cells L−1; Figure
2.13c). Ciliate abundance was less variable throughout the years when compared to diatoms and
dinoflagellates with peaks in abundance in spring of both years. The seasonal cycle below the
pycnocline was similar to above in the respective years, but with lower cell abundances (Figure
2.13b and c).
Diatoms were the dominant group of microphytoplankton above and below the pycnocline during
2015 and 2016. The most abundant diatom genus was Skeletonema spp. which accounted for
between 0.4 to 96.9 % and 0.6 to 97.5 % of all cells enumerated in 2015 and 2016, and reached
a maximum of 41 x 105 cells L−1 in 2015 (Figure 2.14) and 48 x 105 cells L−1 in 2016 (Figure
2.15). Other abundant diatom groups were Chaetoceros spp. (coastal), Thalassiosira spp., and
Pseudo-nitzschia delicatissima. These four highly abundant diatoms were present throughout the
entire year of 2015 (Table A.1) and 2016 (Table A.2). Skeletonema spp. was the dominant diatom
on the majority of the sample dates in 2015 followed by Chaetoceros spp. (coastal), and then P.
delicatissima (Table A.1). In 2016 Skeletonema spp. was again the predominant diatom, followed
by Chaetoceros spp. and then P. seriata (Table A.2). There were many other less abundant di-
atoms enumerated whose presence, and maximum abundance varied seasonally, and key taxa are
mentioned in Table A.1 and A.2.
The predominant dinoflagellate taxa in 2015 was Katodinium spp. with a maximum cell abun-
dance of 0.1 x 105 cells L−1 (Table A.1). Scripsiella spp. and Gymnodinium spp. were the next
predominant taxa. In 2016, Scripsiella spp. was the most abundant dinoflagellate (0.2 x 105 cells
L−1), dominating the majority of the 2016 sampling dates (Table A.2). Katodinium spp. was less
abundant in 2016 (0.1 x 105 cells L−1) than 2015, being the second dominant dinoflagellate taxa
observed.
Patterns in abundance of diatoms and dinoflagellates varied seasonally and between 2015 and 2016
(Figure 2.14 and Figure 2.15 respectively). With a focus on diatoms, Skeletonema spp. had the
highest percent contribution to total cell abundance peaking in spring and winter 2015. Trends
were relatively similar above and below the pycnocline, however on day 258 Skeletonema spp.
abundances declined below the pycnocline. As the percentage contribution of Skeletonema spp.
decreased during spring/summer, the percent contribution of Chaetoceros spp. (coastal) gradually
increased to a point in which it became the predominant taxa on day 162. Thalassiosira spp.
generally had a low percentage contribution to total cell abundance, which peaked in spring and
P. delicatissima spp. peaked in late summer/winter. Dinoflagellates contributed a much lower
percentage to total cell abundance than diatoms. The highest contribution of the predominant
Katodinium spp. was 0.99 % and occurred in spring and late summer, being higher below the
pycnocline than above. Scripsiella spp., had a higher contribution from summer onwards.
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41.5 x 105 cells L-1 42.7 x 105 cells L-1
3.3 x 105 cells L-1
1.2 x 105 cells L-1
0.1 x 105 cells L-1 0.03 x 105 cells L-1
Figure 2.14: Seasonal percentage contribution to total microphytoplankton cell abundance dur-
ing 2015 for the six most abundant diatoms and dinoflagellates above (A) and below (B) the
pycnocline. Maximum recorded abundance is shown for each diatom and dinoflagellate (x 105
cells L−1)
In 2016, Skeletonema spp. dominated the spring bloom and with two other periods of high abun-
dances following later in the sampling period (Figure 2.15). When Skeletonema spp. was not
dominating the community composition, Chaetoceros spp. (coastal) was. However, the maximum
abundance of Chaetoceros spp. (coastal) was substantially lower in 2016 (23.5 x 105 cells L−1)
compared to 2015 (42.7 x 105 cells L−1). Both Thalassiosira spp. and P. delicatissima had a low
percent contribution to total cell abundance, which was highest in winter, and had lower maximum
cell abundances in comparison to 2015. In contrast to 2015, Scripsiella spp. had a higher contri-
bution to total cell abundance than Katodinium spp.. For both dinoflagellates peak contributions
were in spring and summer with the contribution of Scripsiella spp. increasing in winter. The
percent contribution of Katodinium spp. was highest below the pycnocline whilst Scripsiella spp.
was highest above.
Spring, summer, and winter microphytoplankton community composition was significantly differ-
ent between sample dates in 2015 (ANOSIM, Global R= 0.407, P= 0.1 %; Figure 2.16i). Pair-
wise tests show significant differences in community composition between spring and summer
(ANOSIM, Global R= 0.405, P= 0.5 %), and spring and winter (ANOSIM, Global R= 0.435, P=
2.2 %). There was no significant difference between summer and winter 2015 (ANOSIM, Global
R= 0.5, P= 13.3 %).
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48.3 x 105 cells L-1 23.5 x 105 cells L-1
1.1 x 105 cells L-1
0.3 x 105 cells L-1
0.01 x 105 cells L-1 0.1 x 105 cells L-1
Figure 2.15: Seasonal percentage contribution to total microphytoplankton cell abundance dur-
ing 2016 for the six most abundant diatoms and dinoflagellates above (A) and below (B) the
pycnocline. Maximum recorded abundance is shown for each diatom and dinoflagellate (x 105
cells L−1)
Table 2.3: Summary of the most important taxa contributing to the similarity of community
composition in spring, summer, and winter 2015 and 2016 (SIMPER)
Spring Summer Winter
Skeletonema Skeletonema Skeletonema
2015 Chaetoceros spp. Chaetoceros spp. Chaetoceros spp.
Thalassiosira spp. L. danicus P. delictissima
P. delictissima P. delictissima Cylindrothecae
Skeletonema Skeletonema Skeletonema
2016 Chaetoceros spp. Chaetoceros spp. Cylindrothecae
Thalassiosira spp. Cylindrothecae Chaetoceros spp.
Cylindrothecae L. minimus Skeletonema
SIMPER analysis highlighted Skeletonema spp. and Chaetoceros (coastal) spp. were the most
important taxa contributing to the similarity of community compositions across the sample seasons
in 2015 (Table 2.3). Spring and winter community composition was the most dissimilar (34.92
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%), closely followed by spring and summer (34.14 %), and lastly summer and winter (31.48 %)
were the least dissimilar (SIMPER).
Microphytoplankton community composition was not significantly different between spring, sum-
mer, and winter seasons in 2016 (ANOSIM, Global R= 0.165, P= 7.3 %; Figure 2.16ii). There
were significant differences in community composition between paired seasons spring and winter
(ANOSIM, Global R= 0.405, P= 2.2 %), and summer and winter (ANOSIM, Global R= 0.677,
P= 3.6 %). There was no significant difference in community composition between spring and
summer 2016 (ANOSIM, Global R= 0.075, P= 17.2 %). Due to the low number of sample dates
in winter, there is low confidence in the statistical tests.
SIMPER analysis highlighted Skeletonema spp., Chaetoceros (coastal) spp. and Cylindrothecae
spp. were the most important taxa contributing to the similarity of community compositions across
the sample seasons in 2016 (Table 2.3) Spring and winter had the most dissimilar community
composition (38.74 %), closely followed by spring and summer (30.83 %), and lastly summer and
winter (28.10 %) were the least dissimilar (SIMPER).
2.3.2 Site RE5
2.3.2.1 Environmental characterisation
Density and salinity were initially higher at the immediate surface, after which they then decreased
to approximately 5 m, and subsequently increased with depth (Figure 2.17). The halocline and
pycnocline were situated at 23 m and 26 m respectively. Temperature initially decreased from the
surface until approximately 18 m, where it then generally increased with increasing depth. Deeper
waters were warmer than those at the surface. Dissolved oxygen concentrations were highest in
the upper 20 m, and decreased slowly with depth. Oxygen concentration was considerably lower
at depths greater than 120 m, in the isolated bottom waters of RE5, falling to less than 3.0 mg
L−1. The fluorescence profile followed a similar trend to oxygen concentration and generally
decreased with depth. PAR was highest in the upper 20 m after which there was a large increase
in attenuation with depth.
A deep water renewal event during June 2016 was observed at RE5 (data supplied by Tim Brand;
Figure 2.18). Prior to this study, on 03/06/2016 deep water (>60 m) dissolved oxygen concen-
trations were low (approximately 0.8 to 1.2 mg L−1) relative to shallower depths. An increase
in surface salinity and density observed on 13/06/2016 and 16/06/2016 was sufficiently dense
to flush out and replace older deep water with surface water. By 16/06/2016 there had been a
partial renewal of deep water as shown by increasing dissolved oxygen concentrations relative
to 03/06/2016. By 24/06/2016 there had been a full renewal of older deep water with surface
water, and dissolved oxygen concentrations near the sea floor were relatively similar to surface
concentrations (approximately 4.0 mg L−1).
























































Figure 2.16: Non-metric multidimensional scaling (nMDS) plot of fourth root transformed 2015
(a) and 2016 (b) microphytoplankton taxa. Ordination based on season (spring, summer and
winter). Labels are sample day of year and depth above (A) and below (B) pycnocline. 2D stress
is 0.1 which indicates a fair representation of the data
2.3.2.2 Inorganic nutrient concentrations
Phosphate concentrations increased with depth and accumulated in deep water (Figure 2.19). Sil-
icate and nitrate concentrations were relatively similar between the chlorophyll maximum and 25
m and after which accumulated with depth.
2.3.2.3 Microphytoplankton community composition
Total cell abundance at the chlorophyll maximum was 2.1 x 105 cells L−1, and 0.1 x 105 cells L−1
at 25 m. Diatoms dominated the community composition at 5 m and 25 m, contributing to 96.2 %
and 84.6 % of the community composition respectively (Figure 2.20). Dinoflagellates and ciliates
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had a higher contribution to community composition at 25 m (9.8 % and 5.6 % respectively),
in comparison to 5 m (1.7 % and 2.1 % respectively). Diatoms with the highest contribution
to community composition at 5 m included: Skeletonema spp. 90.49 %, and Chaetoceros spp.
(coastal) 5.11 % (Table 2.4). The two most dominant dinoflagellates at 5 m were Scrippsiella spp.
(0.71 %) and Heterocapsa spp. (0.49 %).
At 25 m depth Skeletonema spp. (81.17 %), L. minimus (1.28 %), Cylindrothecae spp. (0.62 %)
were the three diatoms which contributed the most to total cell abundance. Katodinuim spp. was
the dominant dinoflagellate at 25 m contributing 4.18 % followed by Gymnodinium spp. (2.80 %),
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Figure 2.17: Water column profiles of density (kg m3), salinity (psu), temperature (◦C), dissolved oxygen (mg L−1), fluorescence (mg m3), and PAR irradiance at
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Figure 2.18: Water column profiles of density (kg m3; black line), salinity (psu) (grey line), temperature (◦C),and dissolved oxygen (µM) at RE5 on three sample
dates in June during the occurrence of a deep water renewal event (data supplied by Tim Brand)






























Figure 2.19: Water column profiles of dissolved inorganic phosphate, silicate, and nitrate con-
centrations (µM) at RE5 on 16th June 2016. Error bars show the method error represented as
standard deviation (n=3).
Figure 2.20: Percentage composition of diatoms, dinoflagellates, and ciliates to microphyto-
plankton community composition at RE5 at the chlorophyll maximum and 25 m depth on 13th
June 2016 at RE5
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Table 2.4: Key microphytoplankton taxa sampled on 13/06/16 at RE5 at the chlorophyll max (5
m) and 25 m. Percentage contribution of key taxa to total cell abundance as well as maximum
cells L−1
% contribution of total cells Max.cells L−1
5 m 25 m 5 m 25 m
Diatoms
Skeletonema spp. 90.49 81.17 190,124 11,406
Chaetoceros spp. (Coast) 5.11 0.00 10,727 0
Thalassiosira spp. 0.19 0.47 400 67
L. minimus 0.04 1.28 80 180
L. danicus 0.00 0.01 0 13
Certulina spp. 0.00 0.10 0 13
Paralia spp. 0.00 0.33 0 47
P. delictissima 0.00 0.10 7 13
P. seriata 0.04 0.05 87 7
Cylindrothecae spp. 0.04 0.62 80 87
Dinoflagellates
Katodinium spp. 0.07 4.18 146 587
Scripsiella spp. 0.71 0.10 1,493 13
Gyrodinium spp. 0.00 0.05 0 6
Heterocapsa spp. 0.49 1.47 1,027 207
Gymnodinium spp. 0.31 2.80 640 393
Prorocentrum spp. 0.01 0.05 20 6
Protoperidinium spp. 0.12 1.40 253 160
2.3.3 Seasonal variability in hydrographic conditions and inorganic nutrient con-
centrations at site LY1
Seasonal differences in hydrography between 2015 and 2016 were observed at site LY1. The
density structure of the water column differed between the years due to variation in the timing of
fresh water input (Figure 2.9). High rainfall in spring and winter 2015 resulted in a less dense
superficial layer, and a higher degree of stratification during these periods. Conversely, the main
period of rainfall and stratification in 2016 was summer and winter. During spring 2016 surface
salinity was at a maximum which extended down the water column. Additionally, there was a
more pronounced thermocline during summer/winter 2016 than 2015 (Figure 2.5 and Figure 2.4
respectively). These differences in water column structure which occurred seasonally and between
the two sample years have the potential to affect chemical and biological parameters.
Inter annual variations in inorganic nutrient concentrations were observed with maximum concen-
trations in spring 2015 (phosphate 1.73 µM, silicate 7.79 µM, nitrate 9.24 µM; Figure 2.10) and
winter 2016 (phosphate 0.61 µM, silicate 5.74 µM, nitrate 6.21 µM; Figure 2.11). Concentrations
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of all nutrients were higher in 2015 than 2016. However, both years displayed typical nutrient dy-
namics with higher concentrations in spring before the start of the microphytoplankton bloom.
With the initiation of the bloom and higher microphytoplankton cell densities, concentrations of
phosphate, nitrate, and silicate decreased as nutrient uptake increased (Brito et al., 2015). Inor-
ganic nutrient concentrations were low above the pycnocline on day 150 when there was a high
microphytoplankton abundance, and when the water column was more stratified than previous
dates (Figure 2.6). On day 150 below the pycnocline, concentrations increased when compared to
previous and subsequent days, which corresponded to a higher degree of stratification (Figure 2.6).
The stratified nature of the water column and low total number of microphytoplankton cells, when
compared to water sampled above the pycnocline, resulted in higher concentrations of nutrients
as was a lower abundance of microphytoplankton to utilise them. Inorganic nutrient concentra-
tions gradually increased towards the end of 2015 and 2016 in line with lower microphytoplankton
abundances and a higher degree of mixing to replenish nutrient concentrations from depth. Fehling
et al. (2006) found maximum late winter concentrations of 0.5 to 0.7 µM phosphate and 6 to 8 µM
nitrate (2000 to 2003) which were in more of a similar range to 2016 than 2015 concentrations.
Fehling et al. (2006) concluded that with nutrients within this range, the origin of the water body
was from the main basin of the Firth of Lorne transported from the Scottish Coastal Current.
Differences in the environmental parameters for each sampling date in 2015 and 2016 were of
interest as linking environmental drivers to microphytoplankton sedimentation was investigated in
Chapter 3. PCA analysis for both years showed clear separation between sample dates in different
seasons. Key environmental drivers for explaining the differences between sample dates included
factors controlling the physical structure of the water column (salinity, density, and stratification
index) and inorganic nutrient concentration (phosphate, silicate, and nitrate). The water column
was more stratified in 2015 than 2016 and with spring 2015 being the period of highest stratifica-
tion. Salinity and density were key drivers in explaining the dissimilarity between sample dates
in 2016, with more saline and dense waters found in summer. The stratification index was not a
key driver in explaining the differences between sample dates and this could be due to the lower
number of dates the index reached over the 0.10 threshold (in contrast to 2015).
The short period of time in which weather conditions (e.g. wind speed and direction, precipitation)
and tide can change, results in water column modification and nutrient redistribution (Brito et al.,
2015). This is especially true at a shallow water site, such as LY1, with strong tidal flows (Dale
et al., 2011). In turn, this can affect the abundance and diversity of the phytoplankton community.
2.3.4 Seasonal variability in microphytoplankton composition
At LY1 there were similar trends of seasonal microphytoplankton bloom dynamics in 2015 and
2016, but differences in community structure. Diatoms dominated at LY1 and were more abundant
when nutrient concentrations were highest in spring. Skeletonema and Chaetoceros spp. were the
dominant diatom species at LY1 in both years. Diatoms are known to be a highly diverse and
ecologically important group, which at latitudes are found in high abundances in nutrient rich
coastal systems (Malviya et al., 2016). Other studies have found these taxa to be abundant at LY1
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and decrease in abundance further offshore (Brito et al., 2015). This study found cell abundances
varied seasonally and between years, with Skeletonema and Chaetoceros spp. alternating in their
dominance. Modifications to the physical environment including degree of stratification, light
intensity, and amount of mixing can affect microphytoplankton community structure (Margalef,
1978). Typically diatoms will dominate the phytoplankton community composition during periods
of increased turbulence and nutrient availability (r-strategy), in contrast to dinoflagellates which
favour stratified and oligotrophic environments (k-strategy; Margalef, 1978). When the water col-
umn was more stratified (e.g. day 150 in 2015), concentrations of nutrients above the pycnocline
were lower and cell abundance higher, in contrast to below the pycnocline where nutrient concen-
trations were higher and cell abundance lower. The dominant species at LY1, Skeletonema spp., is
said to thrive when nutrient availability is high and the water column is slightly mixed (Reynolds,
2006). Dynamic changes to the environment affects abundance and dominance of microphyto-
plankton taxa.
A dinoflagellate bloom occurred in spring 2015 dominated by Katodinium spp. and was followed
by a smaller secondary bloom later in the year. There was a large dinoflagellate bloom in summer
2016 above the pycnocline, which reached higher cell abundances than the bloom in 2015 and was
dominated by Scripsiella spp.. This 2016 bloom coincided with the period of highest stratification
and low concentrations of phosphate, silicate, and nitrate. Dinoflagellates are known to dominate
during quiescent conditions (Falkowski et al., 2004), and successively bloom following a decrease
in diatom cell abundances.
At RE5, the structure of the microphytoplankton community changed with increasing depth. Di-
atoms dominated the community composition at 5 and 25 m (96.2 and 84.7 % respectively). Di-
noflagellates and ciliates had a higher contribution to total cell abundance at 25 m. Skeletonema
spp. dominated composition at both sample depths, which is a typical feature of Loch Etive micro-
phytoplankton community structure (Wood et al., 1973). Other dominant taxa have been found to
include Chaetoceros spp. which accounted for 5.11 % of total cells at 5 m, yet was not present at
25 m. Wood et al. (1973) found Skeletonema spp. inter-annual June abundances to range from 0.5
x 105 to 38 x 105 cells L−1 (1970 to 1971). This study found Skeletonema spp. abundance in June
2016 at RE5 was 1.9 x 105 cells L−1, which falls into this historic range. In contrast, Skeletonema
spp. abundances measured at site LY1 in June 2016 were substantially lower (0.2 x 105 cells L−1)
as Chaetoceros spp. (coastal) was the dominant taxa on that sample date. Scripsiella, Hetero-
capsa, and Prorocentrum spp. have been observed as key dinoflagellate taxa found in Loch Etive
(Wood et al., 1973). This is in agreement with this study, as Scripsiella and Heterocapsa spp. were
the most abundant in addition to Katodinium and Gymnodinium spp. (Table 2.4). However, the
contribution of dinoflagellates to total microphytoplankton composition were higher in the 1970
to 1971 study (0.4 to 16.1 %; Wood et al., 1973), relative to contributions between 0.01 to 4.18 %
found in this study which depended on species and depth.
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2.3.5 Contrasting study sites LY1 and RE5
Site RE5 located in Loch Etive had contrasting environmental characteristics when compared to
the coastal site LY1. Firstly, RE5 is an example of a restricted exchange environment, which is land
locked and has limited exchange to the Firth of Lorne via a narrow and shallow sill. The restricted
nature of the study site is shown by the residence time of deep water at RE5 of approximately 16
months (Edwards and Edelsten, 1977). Deep water renewal, driven by surface water density, oc-
curred over the course of this study period in June 2016. This renewal event substantially modified
dissolved oxygen concentrations of deep water from approximately 20 µM pre-flush to 250 µM
post-flush. LY1 is a very dynamic environment, which is generally well mixed, turbulent coastal
site with inputs from a number of lochs and the sea. Water column temperature at RE5 ranged be-
tween 10.74 to 12.32◦C, which is at the upper end of the temperature range found at LY1 in June
2015 and 2016 (9.21 to 11.31◦C). Salinity (25.89 to 27.54 psu) and density (19.57 to 20.76 kg m3)
increased with depth at RE5 and the range was notably lower than at LY1 in June (salinity 28.87
to 33.57 psu, density 21.95-25.96 kg m3). Despite lower densities at RE5, both LY1 and RE5 had
similar stratification indices on 02/06/2016 (Ŝ= 0.003) and 13/06/2016 (Ŝ= 0.001). Availability
of inorganic nutrients varied between the two sample sites. Concentrations of nitrate were simi-
lar at comparable water column depths, and silicate concentrations were lower at LY1 than RE5.
Higher silicate uptake as a result of a higher abundance of diatoms at LY1, in comparison to RE5,
could explain this. In surface waters (approximately 5 m) phosphate concentrations were similar
in comparison to deeper samples (20 m) concentrations were higher in Loch Etive.
Microphytoplankton cell abundance in Loch Etive (2.1 x 105 cells L−1 13th June 2016) was lower
than than abundances observed at LY1 on a similar sample date (25 x 105 cells L−1 1st June
2016). Skeletonema spp. dominated the microphytoplankton community at both study sites but at
vastly different abundances (Table A.2 & 2.4). This could be a result of the different nutrient and
environmental dynamics observed between the sites.
2.4 Conclusions
Understanding how environmental dynamics at site LY1 varied over the course of the two year
sampling period, is a fundamental building block to aid understanding of more complex interac-
tions (e.g. microphytoplankton sedimentation rate in relation to environmental variation). Key
conclusions from the environment characterisations of study sites LY1 and RE5 over 2015 and
2016 include:
1. PCA analysis showed that there was seasonal variation between the sampling dates, which
were driven by differences in the measured parameters including; stratification index, tem-
perature, inorganic nutrient concentration. There was a large degree of variation between
spring sample dates in 2015, which was driven by nutrient concentrations (nitrate, phos-
phate, and silicate). Differences between spring and summer/ winter in 2015 were a result
of water column temperature and stratification index. The large variability between spring
and summer sample dates in 2016 was caused by higher seawater densities and stratification
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in summer as opposed to spring.
2. Seasonal differences in water column stratification were observed between 2015 and 2016
at LY1. Higher stratification was observed in spring 2015 than spring 2016, and summer
2016 versus summer 2015. This was driven by higher rainfall during spring 2015 relative to
spring 2016, and higher rainfall in summer 2016 in comparison to spring 2015.
3. Microphytoplankton community composition was similar over the course of 2015 and 2016.
The diatom Skeletonema spp. dominated the community composition for the majority of
both years and when it’s abundance declined, Chaetoceros spp. dominated. Dinoflagellates
were generally more abundant in 2016 in comparison to 2015.
4. LY1 is a more dynamic, open, well mixed system compared to RE5. In contrast, site RE5 is
a land-locked, restricted exchange environment. Both sites were sampled during the same
time of year (June 2016), and environmental characteristics of the two sites differed with
lower salinities and densities observed at RE5, in comparison to the coastal site LY1. Nu-
trient, temperature, salinity and density dynamics varied between the sites which likely
influenced microphytoplankton abundances and composition.
Chapter 3
Seasonal microphytoplankton community
sedimentation linked to environmental and
biochemical drivers
3.1 Introduction
The sinking of intact microphytoplankton cells, and aggregated cells, are a major contributor to
carbon export from the euphotic zone (e.g. Buesseler, 1998; Durkin et al., 2016). In particular, high
cell densities and senescent populations of microphytoplankton have been shown to be key contrib-
utors to the export of organic material (Buesseler et al., 2007). However, not all microphytoplank-
ton blooms contribute significantly to particulate organic material (POM) sedimentation (Passow,
1991). For example, fluxes of microphytoplankton are dependent upon functional groups; diatom
blooms have been shown to have a higher contribution to carbon export relative to dinoflagellate
blooms (Durkin et al., 2016; Guo et al., 2016). Additionally, microphytoplankton community
composition is a key factor in determining sedimentation rates, and for formation of aggregates,
which have the potential to accelerate particulate material export from the surface (Smayda and
Bienfang, 1983; Herndl and Reinthaler, 2013; Guo et al., 2016). Furthermore, morphological and
physiological variations between species and assemblage structure in response to environmental
conditions, adds a further complexity to understanding microphytoplankton sedimentation and
contribution to carbon export. Despite the importance of the role of microphytoplankton in the
export of organic material, detailed analysis of community structure is often missing from studies.
Given the range of factors affecting microphytoplankton sedimentation, and the large amount of
variability in community composition within and between seasonal cycles, the study of microphy-
toplankton community structure is critical for the fundamental understanding of the mechanisms
of carbon sedimentation and the biological carbon pump. Ultimately, understanding these pro-
cesses is essential for determining the magnitude and efficiency of global biogeochemical cycles.
There have previously been many studies investigating the sedimentation rates of microphyto-
plankton using a range of methods, including high resolution optical techniques for individual
based diatom sinking rate observations (Gemmell et al., 2016), mesocosm experiments (Riebesell,
1989), and settlement columns (SETCOL) designed by Bienfang (1981a) (e.g. Johnson and Smith,
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1986; Pitcher et al., 1989; Waite et al., 1992a; Fisher and Harrison, 1996; Peperzak et al., 2003;
Guo et al., 2016; Cavan et al., 2017). Additionally, Stokes Law (Stokes, 1851) is often used to
calculate microphytoplankton sedimentation rates (e.g. Smayda, 1970; Vogel, 1983; Richardson
and Cullen, 1995). However Stokes Law use has been debated as one questions the assumptions
that microphytoplankton are typically spherical which, in the presence of chitin fibres and hairs,
they are not (Peperzak et al., 2003; Reynolds, 2006). Secondly, continuous modification of cell
density which microphytoplankton can achieve through various mechanisms (e.g. cell biochemi-
cal composition, internal ionic composition, number or size of intracellular vacuoles), and during
different growth phases, is not accounted for with Stokes Law (Peperzak et al., 2003). Compar-
isons between laboratory studies is difficult due to different experimental set ups which differ
in pre-conditioning treatments, microphytoplankton species or assemblages used, cultured versus
natural microphytoplankton samples used, and growth phase of laboratory samples used. As a
result, there are a wide range of microphytoplankton sedimentation rates recorded with an overall
average of approximately 1 m d−1 or less for intact cells (Smayda, 1970; Bienfang, 1980; Riebe-
sell, 1989), and up to 100 m d−1 for diatom flocs (Smetacek, 1985). There is increasing evidence
that small particles in the size range of microphytoplankton, are a substantial component of sink-
ing carbon in the water column, in addition to larger aggregates of POM and inorganic material
(e.g Dall’Olmo and Mork, 2014; Durkin et al., 2015; Puigcorbé et al., 2015; Durkin et al., 2016).
Typically, this proportion of small particulates is often under-sampled with sediment trap deploy-
ments due to its slow sinking nature (Stemmann et al., 2008). Using the SETCOL method enables
water column samples, which will contain both buoyant, slow and fast-sinking POM, to be split
based on their size, density, and sedimentation rates. This will allow classification of which types
of microphytoplankton are substantial contributors to the export flux.
The SETCOL method is relatively simple, and involves taking an initially homogeneously mixed
sample, leaving it for a settlement period, and after which samples have split into positively, neu-
trally, and negatively buoyant fractions (Figure 3.1; Bienfang, 1981a). SETCOL results have
been described as realistic when they are carried out at near in situ irradiance and temperature
(Peperzak et al., 2003). There have been many studies investigating the sinking rate of cultured
(e.g Bienfang et al., 1982; Waite et al., 1992a; Richardson and Cullen, 1995; Fisher and Har-
rison, 1996) and natural microphytoplankton populations using SETCOL (e.g Bienfang, 1981a;
Johnson and Smith, 1986; Bienfang and Harrison, 1984; Pitcher et al., 1989; Waite et al., 1992a;
Peperzak et al., 2003; Guo et al., 2016). Few studies have investigated biochemical composition
(e.g. carbohydrates (Richardson and Cullen, 1995)) as an important driver in cell density modifi-
cation and explaining natural microphytoplankton community sinking rates. Analysis of the three
main macromolecules contributing to microphytoplankton organic carbon content (protein, car-
bohydrate, and lipid; Boëchat and Giani, 2000), and their affect on sedimentations rates, has not
been addressed over a seasonal cycle. Investigating this will provide valuable information on how
biochemical composition, which varies seasonally with growth phase, affects the sedimentation of
cells. The coupling of biochemical composition and environmental factors, in addition to analysis
of microphytoplankton community structure, has the potential to enhance understanding of the
key drivers of sedimentation.
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3.1.1 Research objectives
Microphytoplankton represent a substantial proportion of carbon export from the euphotic zone.
Microphytoplankton communities were sampled from above and below the pycnocline to investi-
gate how changes in seawater density and other environmental and biochemical parameters affect
sedimentation rates of cells. Microphytoplankton communities were placed in SETCOLs, and
community and species-specific sedimentation rates were calculated. The aim was to identify
key microphytoplankton types that contribute to export of organic material. Additionally, carbon
analysis of each SETCOL fraction enabled the sedimentation rate of particulate carbon to be cal-
culated. The relationship between calculated sedimentation rates, water column biochemistry, and
physical parameters were investigated. Research questions specific to this Chapter include:
1. How does the sedimentation rate of microphytoplankton change seasonally above versus
below the pycnocline?
2. How does changes to the microphytoplankton community composition affect sedimentation
rates?
3. What are the key environmental drivers for explaining microphytoplankton sedimentation
rate?
4. What are the key biochemical drivers for explaining microphytoplankton sedimentation
rate?
3.2 Methods
3.2.1 Sample site and field work
Investigations were carried out at site LY1 (Chapter 2, Figure 2.2) with frequent sampling trips in
2015 and 2016 (Chapter 2, Table 2.1 & 2.2).
Water samples were collected from depths above and below the pycnocline, which were selected
based on CTD data. Niskin bottles (5 L) were used to collect samples at the desired depth by
lowering them on the winch at the stern of the boat. Niskins were fired by a messenger at the re-
quired depth. The Niskins containing the sample seawater were used to rinse pre-labelled Nalgene
containers first before filling. Nalgene containers were stored in a cool box to control temperature
changes to water collected for laboratory analysis of microphytoplankton community composition
and SETCOL experiments. These samples were used for microphytoplankton community com-
position and sedimentation rate measurements from SETCOL experiments, water biochemistry
in terms of total lipids, carbohydrates, and protein, inorganic nutrient concentrations (Chapter 2,








Figure 3.1: SETCOL designed by Bienfang (1981a) showing three fractions and ports; F1 pos-
itively buoyant, F2 neutrally buoyant, F3 negatively buoyant. Diagram modified from original,
which was drawn by Alistair James (Scottish Association of Marine Science)
3.2.2 SETCOL experiments
In the laboratory, water samples stored in the Nalgene containers were carefully inverted to ho-
mogenise, and placed into two SETCOLs (3.06 L) for each of the two depths above and below
the pycnocline (Figure 3.1 and Figure B.1). Samples were left for approximately 6 h in a constant
temperature (CT) room at 10◦C (which was the yearly average water column temperature). Six
hours was chosen as the settlement period recommended by other studies (e.g. Bienfang et al.,
1983; Johnson and Smith, 1986; Pitcher et al., 1989; Szyper and Karl, 1991; Waite et al., 1992a).
After the settlement period, each of the three fractions (Figure 3.1) were carefully drained (total
volumes; F1 318 ml, F2 2390 ml, F3 350 ml) to minimise movement of particles between each
fraction in the column.
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From each fraction, 55 ml was taken and stored in amber Nalgene bottles containing 0.55 ml of
10 % acidified Lugols iodine solution to preserve at 10◦C and stain the microphytoplankton for
later analysis. Microphytoplankton cells were counted for each fraction as detailed in Chapter 2,
Section 2.2.6.
3.2.2.1 Sedimentation rate calculations
Sedimentation rates were calculated using microphytoplankton cell abundance accumulated in
F3, relative to the initial homogeneous abundance of cells in the entire SETCOL using Bienfang
(1981a) equation. Sedimentation rate (ψ) equalled the fraction of initial biomass that sank to F3





Sedimentation rates were calculated for the entire microphytoplankton community, and individual
taxa that were most abundant (e.g. Skeletonema spp., Chaetoceros spp. (coastal)), and also were
present for the majority of the sampling year (e.g Cylindrothecae spp., Gyrodinium spp.). Rates
were calculated for individual microphytoplankton cells, and also chain lengths of chain forming
diatom species. Cells which had a sedimentation rate of 0 m d−1 were classified as neutrally
buoyant.
3.2.3 Biochemical composition of particulate organic material
Following settlement experiments in SETCOL the concentration of total particulate carbon, to-
tal protein, carbohydrate, and lipid in each of the three fractions was analysed to determine the
relationship between biochemistry and sedimentation rates. Sub-samples were taken from each
fraction (F1 45 ml, F2 300 ml and F3 55 ml) and single samples were filtered for total protein,
carbohydrate and lipid analysis on pre-ashed (450◦C, 6 h) 25 mm glass fibre filters (Whatman
GF/F). Only one sample for total particulate carbon analysis was taken due to the limit on sample
volume per fraction. Samples were stored at -80◦C until analysis.
3.2.3.1 Particulate carbon analysis
Single samples from each SETCOL fraction were filtered through pre-ashed (450◦C, 6 h) 25 mm
glass fibre filters (Whatman GF/F) for particulate total carbon (TC) analysis. Filters were then
dried overnight at 60◦C and then folded into tin disks. Samples were analysed with an ANCA NT
prep system coupled with a 20-20 Stable Isotope Analyser (PDZ Europa Scientific Instruments,
Northwich, UK). Calibration was performed using a solution of isoleucine (L-Isoleucinie, Europa
STD) at concentrations of 1 µg N and 5.14 µg C. Standards were placed in tin caps (with Chro-
mosorb W, PDZ Europa Ltd.) and oven dried at 60◦C overnight. Calibrations were performed
with a series of isoleucine standard concentrations ranging from 5 to 100 µg N (25.7- 514 µg C)
run at the beginning of each batch. Two reference samples (40 µg isoleucine) were analysed after
every 8 samples to check the instrument precision (mean C instrument precision 99 % ± 0.06 SD
3.2. METHODS 59
and mean N instrument precision 99 % ± 0.02 SD) and a drift correction applied. All samples
were blank corrected. The limit of detection ranged from 0.02 to 0.1 µg N and 0.1 to 2.1 µg C.
3.2.3.2 Total lipid
Total lipid from each SETCOL fraction was analysed using spectrophotometric methods following
an extraction stage (Folch et al., 1957). Pre-filtered samples on GF/F filters were placed in 15 ml
glass centrifuge tubes with a conical bottom and PTFE lined screw caps. Then, 4 ml chloroform:
methanol (2:1 v/v) was added to the test tubes and vortexed. Filters were left overnight to allow
lipid extraction. After which the test tubes were vortexed and then filters were removed from the
test tube using clean tweezers. Then, 1 ml of 0.88% (w/v) potassium chloride was added to the
test tubes (to encourage phase separation) which were then vortexed. Tubes were then centrifuged
at 1500 rpm for 10 minutes. The top part of the soluble mixture was removed and discarded.
The remaining mixture of chloroform and lipids was dried under nitrogen for approximately 20
minutes. Dry tubes were then placed into a desiccator fitted with a vacuum pump, which was left
to run for approximately 20 minutes. Samples were left in the desiccator in the dark for 24 hours.
Lipids were measured following carbonisation by the method of Marsh and Weinstein (1966),
which was selected due to its ability to detect a large range of lipid classes. Dried samples were
removed from the desiccator, and 2 ml concentrated H2SO4 (reagent grade 95.5%) was added to
the test tubes which were carefully agitated. Test tubes were then heated to 200◦C ± 2◦C for 15
minutes in a heat block. After 15 minutes the tubes were quickly cooled to room temperature in
a water bath for 15 seconds, and then placed in an ice bath for 5 minutes. After cooling, 2 ml
H2SO4 was added and heated to 200◦C for 15 minutes, then quickly cooled in a water bath. Then,
3 ml DI H2O was added slowly and samples carefully mixed before placing in an ice bath for
approximately 10 minutes. For each batch of samples triplicate blank precombusted GF/F filters
were analysed as a control. Absorbance was measured at 375 nm (Nicolet Evolution 300 spec-
trophotometer, Thermo Electron Corporation, Madison, WI) using VisonProTM software (Thermo
Electron Corporation) in quartz cuvettes using glyceryl tripalmitate in chloroform (1 mg ml−1) as
a standard. Method precision was calculated by dividing the standard deviation of the calibration
replicates by the mean and multiplying by 100. The method precision was ≤ 7.3 %. The limit of
detection for total lipid was 0.02 µg ml−1.
3.2.3.3 Total carbohydrate
Total carbohydrate was analysed using spectrophotometric methods following the phenol-
sulphuric acid method (Dubois et al., 1956). Pre-filtered samples on 25 mm GF/F filters were
placed into 15 ml polypropylene tubes with 1 ml DI H2O, and 1 ml 5% phenol solution, and vor-
texed. Samples were kept at room temperature for 40 minutes before slowly adding 5 ml H2SO4
(concentrated 95.5%), carefully mixed, and left for a further 10 minutes. Samples were then cen-
trifuged for 5 minutes at 3500 rpm. The supernatant was transferred into a quartz cuvette, and the
absorbance was measured at 490 nm (Nicolet Evolution 300 spectrophotometer, Thermo Electron
Corporation, Madison, WI) using VisonProTM software (Thermo Electron Corporation). For each
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batch of samples triplicate blank precombusted GF/F filters were analysed as a control. D-glucose
was used as a standard (1 mg ml−1). Method precision was calculated by dividing the standard
deviation of the calibration replicates by the mean and multiplying by 100. The method precision
was ≤ 7.7 %. The limit of detection for total carbohydrate was 0.06 µg ml−1.
3.2.3.4 Total protein
Total protein was analysed using the Lowry method (Lowry et al., 1951). Reagent D was made
daily using a 48:1:1 ratio of Lowry reagents A (2% w/v Na2CO3 in 0.1 N NaOH), B (1% w/v
NaK Tartrate tetrahydrate in DI H2O), and C (0.5% w/v CuSO4.5H2O in DI H2O). Stock solutions
of Reagents A, B, and C were kept at room temperature. Pre-filtered samples on GF/F filters
were placed in 15 ml polypropylene centrifuge tubes with 1 ml DI H2O, and 5 ml alkaline copper
solution (Reagent D), vortexed, and left for 10 minutes at room temperature. During this time,
Reagent E was prepared with 2 N Folin-Ciocalteu phenol reagent (FCR) in an amber stock bottle
(1:1 v/v DI H2O). Following 10 minutes at room temperature, samples were vortexed and 0.5 ml
Reagent E was added. Samples were vortexed immediately after FCR was added, placed in the
dark, and incubated for 1.5 hours at room temperature with occasional mixing. Samples were then
centrifuged at 3000 rpm for 10 minutes. For each batch of samples triplicate blank precombusted
GF/F filters were analysed as a control. The absorbance of each sample was read at 600 nm
(Nicolet Evolution 300 spectrophotometer, Thermo Electron Corporation, Madison, WI) using
VisonProTM software (Thermo Electron Corporation). Calibration curves were prepared for each
batch of samples with a bovine serum albumin (BSA) stock solution (1 mg ml−1; Sigma P5396).
Method precision was calculated by dividing the standard deviation of the calibration replicates
by the mean and multiplying by 100. The method precision was ≤ 2.1 %. The limit of detection
for total protein was 0.005 µg −1.
3.2.4 Statistical analyses
Pearson’s correlation analysis was used to examine the relationship between environmental vari-
ables, biochemical composition (protein, carbohydrate, and lipid concentration per cell), chain
length, and microphytoplankton community sedimentation rate. Regression analysis was carried
out using linear and non-linear (quadratic and cubic polynomials) methods where appropriate.
Correlation and regression analyses were carried out in R Studio.
3.3 Results
3.3.1 Microphytoplankton community composition
A detailed analysis of the microphytoplankton community composition was carried out in Chapter
2, Section 2.3.1.3. In summary, community composition varied seasonally and between the 2015
and 2016 sample years (Figure 3.2). Cell abundances were highest above the pycnocline and
in spring in both sample years. Skeletonema and Chaetoceros spp. dominated the community
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Figure 3.2: Seasonal total microphytoplankton cell abundance (cells L−1 x105) and species composition on sample dates in 2015 and 2016 from samples above
and below the pycnocline. Sk: Skeletonema spp., Th: Thalassiosira spp., Cc: Chaetoceros spp. coastal, Pd: Pseudo-nitzschia delicatissima, Ps: P. seriata, Ld:




Above the pycnocline sedimentation rates ranged from 0.59 m d−1 (day 98) to 0.89 m d−1 (day
126) in 2015 (Figure 3.3a). In 2016 the range above the pycnocline was much greater than in
2015, with maximum and minimum sedimentation rates of 1.42 (day 153) and 0.72 (day 228)
m d−1 respectively (Figure 3.3b). Below the pycnocline maximum community sedimentation
rate in 2015 was 1.24 m d−1 (day 105) and minimum 0.70 m d−1 (day 133). This range was
smaller and less variable in 2016 ranging from 0.70 (day 312) to 1.02 m d−1 (day 137). There was
no significant difference in microphytoplankton community sedimentation rates between spring,
summer, and winter seasons in 2015 and 2016 (Kruskal-Wallis, H2015 = 4.18, H2016 = 1.48, df =
2, P2015 = 0.12, P2016 = 0.48). Regardless of season, there was no significant difference between
median sedimentation rate of total microphytoplankton community and depth above and below the
pycnocline in either year (Mann Whitney U-test, U2015= 84.0, U2016=101.0, n2015= 9, n2016=10,
P2015= 0.9, P2016= 0.8).
The difference between community sedimentation rates above and below the pycnocline in 2015
was higher in spring when differences in environmental parameters were larger (e.g. salinity,
temperature, and density; Chapter 2, Figure 2.4) when compared to sample dates later in the year.
In 2016 sedimentation rates were less variable below the pycnocline than above.
Microphytoplankton categorised into phyletic groups of diatoms, dinoflagellates, and ciliates were
shown to have significantly different sedimentation rates between groups (not between sample
years or depth above and below pycnocline; Figure 3.4). Dinoflagellates had the highest median
sinking rate (median 1.25 ± 0.03 S.E. m d−1), followed by diatoms (median 0.83 ± 0.03 S.E. m
d−1), and then ciliates (median 0.78 ± 0.04 S.E. m d−1; Kruskal-Wallis, H = 53.00, df = 2, P =
0.000).
Investigating the relationship between seasonal microphytoplankton community composition
changes and sedimentation rate was difficult due to variability in community composition. A
nMDS ordination carried out in Chapter 2, Section 2.3.1.3 showed that sample dates in spring
2015 (day 79, 98, 105, 133, 125), despite variability between dates, were more similar in compo-
sition (dominated by Skeletonema spp.) when compared to other seasons (Figure 2.16i & Figure
3.2). Spring 2015 was also the period where sedimentation rates were most variable in comparison
to later seasons (Figure 3.3a). The decrease in sedimentation rate on day 98 in 2015 above the py-
cnocline corresponded to a peak in total cell abundance for the entire season which was dominated
by Skeletonema spp. (96.86 %; Figure 3.2). Peaks in sedimentation rate below the pycnocline in
2015 (day 105 and 125) corresponded to a mixed community composition of mainly Skeletonema
spp., Thalassiosira spp., and Chaetoceros (coastal) spp. (Figure 3.2).
In 2016, sedimentation rates were relatively similar on days 90 and 97 (Figure 3.3b), which had
similar microphytoplankton community compositions (Figure 2.16ii & 3.2) and were dominated









































Figure 3.3: Seasonal sedimentation rate (m d−1) of total microphytoplankton community sam-




















Figure 3.4: Median dinoflagellate (n= 91), diatom (n= 181), and ciliate (n= 27) sedimentation
rate ± SE (m d−1) from 2015 and 2016
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284 (Figure 3.3ii). Chaetoceros spp. (coastal) reached its maximum abundance (94.2 %) for the
year and dominated the microphytoplankton community on day 153. The secondary peak in sedi-
mentation rates occurred when there was a mixed species composition and lower cell abundances
(Figure 3.2).
Sedimentation rates in 2015 were higher when there was a mixed community composition (e.g.
day 105 and 125 below; mixed community composition of Skeletonema, Chaetoceros and Tha-
lassiosira spp.) and lower when one taxa was dominant and at maximum abundance (e.g. day
98 above and below; Skeletonema dominant and, 162 below; Chaetoceros dominant). However
this depended on which taxa of microphytoplankton was dominant, as dominance and maximum
abundance of Skeletonema spp. had a lower sedimentation rate (0.59 m d−1) in 2015 compared to
dominance and maximum abundance of Chaetoceros spp. (coastal), which had higher sedimen-
tation rates (1.42 m d−1) in 2016. Despite Skeletonema spp. having a lower sedimentation rate
at maximum abundance when compared to Chaetoceros spp. (coastal), it had substantially higher


















































































Figure 3.5: Sedimentation rates (m d−1) of diatoms Skeletonema spp., coastal Chaetoceros spp.
(coastal), Thalassiosira spp., and P. delicatissima during 2015 above and below the pycnocline
Sedimentation rates of the four most abundant diatom species varied greatly between species in























































































Figure 3.6: Sedimentation rates (m d−1) of diatoms Skeletonema spp., coastal Chaetoceros spp.
(coastal), Thalassiosira spp., and P. delicatissima during 2016 above and below the pycnocline
seasonal sedimentation rates above and below the pycnocline (Figure 3.5) followed a relatively
similar trend to microphytoplankton community sedimentation rate (2015; Figure 3.3). This was a
result of both species dominating the community composition at various times of the year (Chapter
2, Figure 2.14). Sedimentation rate of Thalassiosira spp. was highest in spring, coinciding with
maximum abundance and had the highest contribution to community composition (SIMPER anal-
ysis). P. delicatissima sedimentation rate was generally higher below the pycnocline than above
(Figure 3.5).
Skeletonema spp. and Chaetoceros spp. (coastal) were responsible for driving the microphyto-
plankton community sedimentation rate in 2016. This is shown by the similar trends of species-
specific sedimentation rates (Figure 3.6) when compared to community sedimentation rates (Fig-
ure 3.3b). Peaks in sedimentation rate of Skeletonema spp. and Chaetoceros spp. (coastal) corre-
sponded to peaks in community sedimentation rate. Thalassiosira spp. sedimentation rates were
lower during spring 2016 than 2015, and after which the seasonal range of sedimentation was
similar between the years. Sedimentation rates of P.delicatissima were highly variable above and
below the pycnocline in 2016, ranging from 0.18 to 2.18 m d−1.
Sedimentation rates of solitary cells of Cylindrothecea spp. were generally lower above the pycn-
ocline than below during spring 2015, and subsequently switched to higher sinking rates above the
pycnocline than below later in the year (Figure 3.7). There was less seasonal variation in sedimen-


























































































Figure 3.7: Sedimentation rates (m d−1) of solitary diatoms Cylindrothecae spp. and Pleu-
rosigma spp. during 2015 and 2016 above and below the pycnocline
variable at both depths in 2015 and 2016. Sedimentation rates ranged from neutral buoyancy to
2.12 m d−1.
Sedimentation rates of key dinoflagellate taxa were highly variable (Figure 3.8), and often higher
than diatoms (Figure 3.5 and 3.6). Katodinium spp. were the most abundant dinoflagellate in 2015
and seasonal sedimentation rates were similar both above and below the pycnocline (Figure 3.8).
Sedimentation rates were initially higher above the pycnocline, and then decreased to similar rates
found below the pycnocline in early spring. At both depths sedimentation rate increased up to
mid-year, then decreased to a rate similar to early spring, and then increased to a higher rate below
the pycnocline than above. Trends in Katodinium spp. sedimentation rate in 2016 were similar
to 2015 with the exception of a decrease in sedimentation rate above the pycnocline between day
150 to 200.
Sedimentation rates of Scripsiella spp. were generally higher than Katodinum spp. and Gyro-
dinium spp. (Figure 3.8). Scripsiella spp. sedimentation rate was initially high above and below
the pycnocline and steadily decreased above the pycnocline over the year until day 187 when rates
increased to values observed in spring. Below the pycnocline, sedimentation rates were variable
until day 230 when Scripsiella spp. sedimentation rate decreased to 0.30 m d−1. In 2016 Scrip-
siella spp. sedimentation rate peaked in spring, mid-year and winter. On the last sample date (day





















































































































Figure 3.8: Sedimentation rates (m d−1) of key dinoflagellates Katodinium spp., Scrippsiella spp., and Gyrodinium spp. during 2015 and 2016 above and below the
pycnocline
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Gyrodinium spp. sedimentation rate above and below the pycnocline followed similar trends with
higher sinking rates during spring 2015, which decreased mid-year, and increased in winter (Figure
3.8). Sedimentation rates were much more variable and did not mirror trends above versus below
the pycnocline in 2016. Neutral buoyancy occurred above the pycnocline during spring and winter,
and sedimentation rates were generally higher below the pycnocline than above in 2016.
3.3.2.3 Chain length
The yearly median cells per chain above and below the pycnocline in 2015 was 4 (Figure 3.9i),
and 5 in 2016 (Figure 3.9ii). Median cells per chain varied seasonally in both years, with similar
trends observed above and below the pycnocline within their respective years. The number of cells
per chain increased above the yearly 2015 median mid-spring (April) above the pycnocline, and
later spring (May) below the pycnocline (Figure 3.9i). During summer months (July and August),
median cells per chain decreased both above and below the pycnocline, and there was a higher
density distribution of chains around 2 and 3 cells in length. There was a relatively even density
distribution for chain lengths 1 to 10, and an increase in median cells per chain in October 2015
above the pycnocline. Below the pycnocline in October 2015, there was high density distribution
of longer chain lengths. Median cells per chain decreased over the course of spring 2016, and then
increased in early summer (July and August; Figure 3.9ii). There was a higher density distribution
of shorter chain lengths towards the end of summer and into winter. Similarly to 2015, on the
last sample day in November 2016, the density distribution of cells per chain was more evenly
distributed between shorter to longer chains than previous months. Especially during summer and
winter, there was a lower frequency of longer chains in 2016 when compared to 2015.
Chain length frequency data were further investigated to include species composition (Figures
3.10 & 3.12). There were 18 microphytoplankton taxa which were included as chain forming
diatom species, in which Skeletonema and Chaetoceros coastal spp. dominated. The abundance
of chain lengths and species contribution to chain length abundance varied seasonally. There
was a relationship (either linear or quadratic) between diatom cells per chain and sedimentation
rate sampled above the pycnocline for the majority of sampling dates in 2015 (no relationship
between sedimentation rate and chain length on days 79 and 300; Figure 3.11). Day 97 was dom-
inated by Skeletonema spp. (except for high abundances of P. delicatissima of one chain length;
Figure 3.10), and the only sample date to have a negative relationship with lower sinking rates ob-
served for longer chain lengths (Figure 3.11). The subsequent four sampling dates (day 105, 125,
133, and 162) all had differing species compositions (which were either a mixed assemblage of
Skeletonema, Chaetoceros coastal, Thalassiosira, P. delicatissima, or dominated by Chaetoceros
coastal spp. on day 187), but the same general trend of higher sedimentation rates when chain
lengths were longer. Low abundances of chain forming diatoms were observed on days 187, 230,
and 300 (Figure 3.10). The quadratic relationship on day 187 showed shorter chain lengths having
similar sedimentation rates to longer chain lengths (Figure 3.11). The shorter chains were domi-
nated by P. delicatissima in contrast to the longer chains which were predominantly Skeletonema
and Chaetoceros (coastal) spp. On the subsequent sampling day (230), the relationship between
sedimentation rate and chain length was linear with increasing rates with increasing chain lengths
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(Figure 3.11). Therefore shorter chain lengths on day 230, had slower sedimentation rates than
the shorter chain lengths on day 187. The species composition of the shorter chain lengths was
different between the two dates, with P. delicatissima present on day 187 when sedimentation rates
were higher, and absent on day 230 when rates were lower.
The species composition of chain forming diatoms was similar below the pycnocline to above
(Figure 3.12), but at lower chain length abundances when compared to above the pycnocline (Fig-
ure 3.10). There were more sample dates below the pycnocline that did not have a relationship
between chain length and sedimentation rate (days 79, 97, 133, and 187). Other sample dates fol-
lowed the same trend in community composition and relationship between increasing chain length
resulting in higher sedimentation rates (days 125, 162, and 230). There was a difference between
chain length and sedimentation rate on day 105, with increasing sedimentation rates with longer
chain lengths above the pycnocline, and the converse relationship below the pycnocline. The com-
munity composition was relatively similar between the two depths but at lower abundances below
the pycnocline (Chapter 2, Section 2.3.1.3).
Poor relationships between chain length and sedimentation rates were observed in 2016 both above
and below the pycnocline. On sample dates where there were relationships found, r2 was low










































































Figure 3.9: Frequency distribution of number of cells per chain from all chain forming diatoms
sampled over 2015 (i) and 2016 (ii) above (A) and below (B) the pycnocline. Thick horizontal
lines are median cells per chain per sample date and the thickness of the beanplot shows density
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Figure 3.10: Chain length abundance and species contribution of all chain forming diatoms in samples from above the pycnocline taken over nine sample dates
in 2015. Th: Thalassiosira spp., Lm: Leptocylindricus minimus, Ld: L. danicus, Sk: Skeletonema spp., Cc: Chaetoceros spp. (coastal), Co: Chaetoceros spp.
oceanic, Pd: Pseudo-nitzschia delicatissima, Ps: P. seriata, D: Dactyliosolen spp., E: Eucampia spp., Pa: Paralia spp., G: Guardinia spp., Ce: Ceratium spp., As:






























































































P = 0.001 P = 0.03
P = 0.01 P = 0.02 P = 0.02
P = 0.02
P = 0.006
Figure 3.11: Chain length and sedimentation rate (m d−1) over each sampling date in spring (green; days 79, 97, 105, 125, 133, 162), summer (orange; days 187,
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Figure 3.12: Chain length abundance and species contribution of all chain forming diatoms in samples from below the pycnocline taken over nine sample dates
in 2015. Th: Thalassiosira spp., Lm: Leptocylindricus minimus, Ld: L. danicus, Sk: Skeletonema spp., Cc: Chaetoceros spp. coastal, Co: Chaetoceros spp.
oceanic, Pd: Pseudo-nitzschia delicatissima, Ps: P. seriata, D: Dactyliosolen spp., E: Eucampia spp., Pa: Paralia spp., G: Guardinia spp., Ce: Ceratium spp., As:




























































































P= 0.0001 P= 0.01
Figure 3.13: Chain length and sedimentation rate (m d−1) over each sampling date in spring (green; days 79, 97, 105, 125, 133, 162), summer (orange; days 187,
230), and winter (grey; day 300) 2015 from samples taken below the pycnocline. On each plot are lines of best fit (linear) and regression statistics (r2)
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3.3.2.4 Carbon
Sedimentation rates of total particulate carbon from 2016 SETCOL samples varied over the year,
and with depth above versus below the pycnocline (Figure 3.14). Initial sedimentation rates (day
90 and 97) were similar between the two sample depths, which coincided with the spring mi-
crophytoplankton bloom, with slightly higher carbon sedimentation rates below the pycnocline.
During spring and summer there were higher carbon sedimentation rates above the pycnocline
(1.17 µg C m d−1) and lower sedimentation rates below (0.52 µg C m d−1) on day 109, and lower
carbon sedimentation rates above the pycnocline (0.45 µg C m d−1) when sedimentation rates
were higher below (0.95 µg C m d−1) on day 153. Peaks in carbon sedimentation rate occurred
on day 187 in samples from above the pycnocline (1.64 µg C m d−1). Following this maximum
and from day 214 onwards, carbon sedimentation rates were more similar above and below the
pycnocline relative to earlier dates.











































Figure 3.14: Sedimentation rate (µg C m d−1) of total particulate carbon sampled from above
and below the pycnocline, calculated from 2016 SETCOL experiments
3.3.3 Biochemical composition of microphytoplankton
The biochemical composition of microphytoplankton was relatively similar above and below the
pycnocline in 2015 (Figure 3.15). From day 187 onwards there was a higher proportion of car-
bohydrates below the pycnocline when compared to above the pycnocline. The percentage con-
tribution of lipid per cell was relatively consistent from the first sample date, and over spring/
early summer in 2015 (mean 28.0 % ± 1.9 SD). Late summer (day 230, 36.9 % lipid per cell) and









































































Figure 3.15: Percentage composition of lipid, carbohydrate, and protein per microphytoplankton































































Figure 3.16: Percentage composition of lipid, carbohydrate, and protein per microphytoplankton
cell sampled over 2016 from above and below the pycnocline.
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Table 3.1: Pearsons correlation analysis (R value) between microphytoplankton community
sedimentation rate and environmental and chemical parameters from samples above and below
the pycnocline in 2015 and 2016
2015 2016
Above Below Above Below
R P R P R P R P
Inorganic nutrients
PO43− 0.69 0.04 0.30 0.44 -0.07 0.84 -0.60 0.09
SiO32− 0.56 0.12 -0.01 0.98 -0.33 0.36 -0.79 0.01
NO3− -0.05 0.89 0.22 0.57 -0.02 0.62 -0.59 0.09
Environmental
Day -0.20 0.61 -0.28 0.46 -0.02 0.96 -0.41 0.24
Salinity -0.38 0.32 0.37 0.32 0.20 0.58 -0.07 0.84
Temperature -0.04 0.92 -0.38 0.31 -0.04 0.92 -0.15 0.69
Density -0.34 0.37 0.48 0.19 0.19 0.61 0.13 0.73
Stratification index -0.18 0.65 -0.19 0.62 -0.51 0.14 0.17 0.63
Wind speed 0.22 0.58 0.75 0.02 -0.02 0.97 -0.25 0.49
Pycnocline depth 0.36 0.34 0.86 0.003 -0.67 0.04 -0.43 0.21
Biochemical
Protein -0.64 0.06 -0.73 0.03 -0.87 0.005 0.54 0.57
Carbohydrate -0.47 0.21 -0.47 0.20 -0.87 0.005 -0.63 0.10
Lipid -0.74 0.02 -0.73 0.04 -0.49 0.22 0.54 0.12
Carbohydrates had a higher percentage composition in samples from above and below the pycn-
ocline in 2016 when compared to 2015 (Figure 3.16). In contrast to 2015, the percentage contri-
bution of lipid per cell was higher in 2016 spring sample dates and then decreased on subsequent
dates.
3.3.4 Environmental and biochemical controls on microphytoplankton sedimenta-
tion rate
The relationships between inorganic nutrients, environmental parameters, biochemical composi-
tion and microphytoplankton community sedimentation rates depended on depth in water column
above versus below the pycnocline, and the sampling year (Table 3.1). Phosphate concentra-
tion had a significant positive correlation with microphytoplankton community sedimentation rate
above the pycnocline in 2015. Sedimentation rate increased as phosphate concentration increased.
Below the pycnocline the rate of sedimentation increased as silicate concentration decreased. En-
vironmental parameters wind speed and pycnocline depth were significantly related to sedimen-
tation rate below the pycnocline in 2015. As wind speed and pycnocline depth increased, so did
sedimentation rate. Additionally, pycnocline depth was the environmental parameter in relating
increased sedimentation rate with increasing depth above the pycnocline in 2016.
3.4. DISCUSSION 79
Correlation analysis between the sedimentation rate of protein, carbohydrate and lipid concentra-
tion per cell and total community sedimentation was carried out. Lipid was an important biochem-
ical component linked to the sedimentation rate of microphytoplankton community in 2015 above
and below the pycnocline. Sedimentation rates were lower when there were higher concentrations
of lipid. Similarly, sedimentation rates decreased when protein concentration was higher. In 2016
the relationship between protein and carbohydrate concentration with community sedimentation
rate was significant.
3.4 Discussion
3.4.1 Microphytoplankton community dynamics and sedimentation rate
Diatoms dominated the microphytoplankton community at LY1 in 2015 and 2016. Skeletonema
spp. and Chaetoceros coastal spp. were the dominant taxa responsible for explaining seasonal
variation in microphytoplankton community composition in 2015 and 2016. Microphytoplankton
community composition was significantly different between spring, summer and winter. Shifts in
microphytoplankton community composition from Skeletonema spp. dominated, to Chaetoceros
coastal spp. dominated, to mixed species communities were observed (Figure 3.2). The extent and
timings of these shifts were different between 2015 and 2016 (Figure 3.2). These shifts in com-
munity structure and cell abundance are likely to occur in response to changes in environmental
conditions such as temperature and ocean chemistry (Jo et al., 2017). A further study by Fragoso
et al. (2016) found that phytoplankton community structure between spring and summer varied de-
pending on hydrographic characteristics such as temperature, salinity, and nutrient concentrations.
The highest abundances of Skeletonema spp. occurred in early spring, when the water column was
cooler and more stratified, relative to summer (Chapter 2). Higher abundances of Skeletonema
spp. were observed during spring and also early summer in 2015, in comparison to the high
abundances of Skeletonema spp. which were only observed in spring 2016. The lower degree
of stratification during late spring and early summer months and higher temperatures observed in
2016 could be responsible for this. When the water column was warmer and with varying degrees
of stratification, Chaetoceros coastal spp. dominated with a mixed assemblage of other species.
These two dominating taxa have different morphological traits. Both are chain forming species
with Skeletonema spp. forming long straight chains, and Chaetoceros coastal spp. produces protu-
berances in the form of chitin spines. Chaetoceros coastal spp. can also form long straight chains,
and chains of varying spatial orientations including spirals. These morphological differences are
likely to have an affect on sedimentation rate, discussed later. Dinoflagellates were abundant in
spring and late summer in 2015 and Katodinium spp. were dominant (Chapter 2, Section 2.3.1.3).
In 2016, peak abundances of dinoflagellates were observed in summer and Scripsiella spp. were
dominant (Chapter 2, Table A.2). Generally, ciliates were less abundant than dinoflagellates, and
peaked following the spring bloom of diatoms in both sample years (Chapter 2, 2.13). Shifts in
microphytoplankton community composition affect the size distribution of cells, and morphology
of the assemblage, which in turn affects sedimentation rate (e.g. Bienfang, 1981b; Pitcher et al.,
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1989; Finkel et al., 2010; Burd et al., 2016). Analysis of microphytoplankton community compo-
sition within and between the two sample years highlights the extent of which the community can
vary. This is important to consider when assessing sedimentation rates.
Microphytoplankton community sedimentation ranged seasonally from 0.59 to 1.24 m d−1 with
maximum sedimentation rates observed in spring (day 105) in 2015, and ranged from 0.71 to 1.43
m d−1 with maximum sedimentation rates observed in spring (day 153) in 2016. There was no
significant difference in sedimentation rate between spring, summer, and winter seasons, or depths
above and below the pycnocline, in either of the sample years. This lack of significance could be a
result of the number of samples per season, as other studies have found significant differences be-
tween seasons, but not necessarily with sample depth (Peperzak et al., 2003; Guo et al., 2016). Guo
et al. (2016) used four replicates per sample date, three of which were used for community sedi-
mentation rate calculations. Peaks in microphytoplankton community sedimentation rate occurred
when the community assemblage was mixed (e.g. day 105 & 126 in 2015 below the pycnocline;
Figure 3.2 & 3.3). A mixed community with different cell sizes, shapes, and morphologies has the
potential to enhance sedimentation rates through interactions between cells that may contain pro-
tuberances (spines or arms), which encourages aggregation and potentially sedimentation (Bravo
and Figueroa, 2014). However, this was not the case all the time, and other interacting factors were
certainly important in further explaining this relationship. In 2015 and the majority of 2016, when
there was dominance of the community composition by one species, sedimentation rates seemed
less variable when compared to dates where the composition was mixed. Assessing community
sedimentation is important as there is likely to be interaction between cells which influences sed-
imentation. However, genus-specific sedimentation rates further enhance understanding of which
key species could be driving overall community sedimentation rates.
Genus-specific sedimentation rates demonstrate clearly that Skeletonema spp. and Chaetoceros
spp. (Figure 3.5 and 3.6) were driving the community sedimentation rate in both years (Figure
3.3), because they dominated the community composition (Figure 3.17). Sedimentation rates of
Skeletonema spp. range from 0.43 m d−1 (Peperzak et al., 2003) to 1.28 m d−1 (Guo et al., 2016),
using natural microphytoplankton assemblages in SETCOLs. This study found mean sedimenta-
tion rates of Skeletonema spp. to be within this reported range; 0.80 m d−1 ± 0.16 SD in 2015
and 0.76 m d−1 ± 0.22 SD in 2016. Chaetoceros spp. mean sedimentation rate was very similar
between 2015 (0.92 m d−1 ± 0.22 SD) and 2016 (0.91 m d−1 ± 0.30 SD), and high in comparison
to maximum rates of 0.20 m d−1 observed by Peperzak et al. (2003). However, this difference
could be due to the sedimentation rate of Chaetoceros in this study were composed of a number of
different species, whereas Peperzak et al. (2003) reported sedimentation rate was specifically for
Chaetoceros radicans. Diatom sedimentation rates are known to be highly species-specific (e.g.
Smayda and Bienfang, 1983; Waite et al., 1992a). This is also shown in this study when comparing
seasonal sedimentaton rates of the key species (Figure 3.5 & 3.7). Pleurosigma spp. were found
to have a much wider range (0.60 to 2.12 m d−1) of seasonal sedimentation rates when compared
to Cylindrothecae spp. (range 0.42 to 1.29 m d−1). The morphology of these taxa are different,
Cylindrothecae spp. has a typical body length of 6 to 50 µm with long extended needle like edges,






Day 162, Chaetoceros spp. 
(coastal) dominated
30/03/2016
Day 90, Skeletonema spp. 
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Figure 3.17: Examples of microscope field of views dominated by Chaetoceros spp. (coastal)
and Skeletonema spp. from 11/06/2015 SETCOL fractions F1 and F3 (samples from 6 m depth),
and 30/03/2016 SETCOL fractions F1 and F3 (samples from 3 m depth)
This is a key demonstration of how morphological differences between species could be an im-
portant factor (in addition to physiological and environmental factors) in explaining sedimentation
rates.
Dinoflagellates were found to have a significantly higher sedimentation rates relative to diatoms
and ciliates (Figure 3.4). This is in line with other studies that have found variable sedimentation
rates between dinoflagellate taxa, which are generally higher than those of diatoms (Smayda and
Bienfang, 1983; Kamykowski et al., 1992). Dinoflagellates are composed of thick cellulose plates
which are denser (1.5 x 103 kg m−3) than seawater (Vogel, 1983; Simon et al., 2009). Despite
their excess density, dinoflagellates are able to swim using their flagella to seek light and nutrients
or evade predation (Smayda, 1997). Swimming speeds of some species have been reported to be
between 26 to 52 m d−1 (Lewis et al., 2006; Guo et al., 2016), which was significantly faster than
their average sedimentation rate calculated in this study 1.25 m d−1 ± 0.03 SE. However, reported
swimming velocities of the key taxa in this study, Scripsiella and Gyrodinium spp., were lower than
the previous range reported at 13.20 and 26.30 m d−1 respectively (Table 3.2). Additionally, other
records of Scripsiella and Gyrodinium spp. sedimentation rates fell within the range observed in
this study (e.g. Kamykowski et al., 1992; Peperzak et al., 2003). Despite their higher sedimen-
tation rate, dinoflagellate dominated microphytoplankton communities have a lower contribution
to carbon flux relative to diatoms, as they generally disintegrate in the water column (Guo et al.,
2016). However, cyst formation is a key component of many dinoflagellates life cycle, in which
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Table 3.2: Key dinoflagellate swimming velocities, shape, equivalent spherical diameter (ESD),
sedimentation rates, and density. Images of Katodinium spp. from King County (2017), Scrip-
siella spp. from The University of British Columbia (2012), and Gyrodinium spp. from Swedish
Meterological and Hydrological Institute (2018). All information from Kamykowski et al.
(1992) except 1 Cohen (1985), 2,3 Smayda (2000), 4 Peperzak et al. (2003)
Dinoflagellate Swimming Size Sedimen- Density
velocity ESD tation rate
m d−1 m d−1 g cm−3
Katodinium
spp.
7.51 to 32.82 - 0.433 -
Scripsiella spp. 13.20 21.60 0.77 1.08
Gyrodinium
spp.
26.30 33.20 1.714 to 3.70 1.09
they can induce a resting phase until optimal environmental conditions occur (Bravo and Figueroa,
2014). Therefore, not all dinoflagellates may disintegrate in the water column as many can form
benthic resting cysts, which are later re-dispersed into the water column. At LY1 dinoflagellates
made up a low proportion of the total microphytoplankton community composition, contributing
<3 %, and <20 % in 2015 and 2016 respectively. Diatoms dominated the microphytoplankton
community composition at LY1, but dinoflagellates had significantly higher sedimentation rates
than diatoms. High sedimentation rates and the fact that dinoflagellates form cysts as part of their
life cycle, suggests less abundant taxa still form an important component of carbon export.
Ciliates formed between <2 %, and <10 % of the total microphytoplankton community composi-
tion in 2015 and 2016 respectively. They are important grazers of planktonic bacteria (alongside
heterotrophic dinoflagellates and mesozooplankton) and ciliates can graze more than 59 % of
primary production in coastal environments (Calbet and Landry, 2004; Ichinotsuka et al., 2006).
Grazing is selective with rates depending on the size, shape, and biochemical composition of the
food (Verity and Smetacek, 1996; Ichinotsuka et al., 2006). Additionally, ciliates are able to swim
in response to light, and a range of chemical and mechanical cues (Fenchel and Jonsson, 1988).
Ciliates (0.81 m d−1 ± 0.07 SD) had similar sedimentation rates to diatoms (0.83 m d−1 ± 0.03
SD) possibly as an adaptive response to sediment in line with their food source.
Chain formation was found to influence diatom sedimentation rates. For a number of sample dates,
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as chain length increased sedimentation rates increased (Figure 3.11 & 3.13). This is in agreement
with other studies e.g. Smayda (1970); Reynolds (2006); Landeira et al. (2014). However this
trend was not universally found on all of the sample dates which is in agreement with other stud-
ies which have found that sedimentation rates are not systematically linked to chain length (e.g.
Smayda and Bienfang, 1983; Waite et al., 1992b). There were exceptions to this trend including
two sample dates (day 97 above, and 105 below the pycnocline in 2015) when sedimentation rates
decreased as chain length increased. Skeletonema spp. dominated the chain forming taxa on day
97 above the pycnocline when this inverse relationship with sedimentation occurred. Other studies
have also found an inverse relation between Skeletonema spp. chain length and sedimentation rate
(Smayda and Boleyn, 1966; Smayda, 1970; Waite et al., 1992a). When Skeletonema spp. and
Chaetoceros coastal spp. dominated the community composition at similar cell densities (Figure
3.2), community sedimentation rates of Skeletonema spp. dominated day 98 were lower (0.59 m
d−1) than Chaetoceros spp. dominated day 162 (0.85 m d−1). This could be due to a range of fac-
tors such as differences in time of sampling dates and environmental conditions, morphological or
physiological differences between the two taxa, and the species make-up of the remaining com-
munity composition. Differences in chain length abundances may also be a factor with a higher
abundance of longer chain Chaetoceros spp. on day 162 relative to Skeletonema spp. on day 98
(Figure 3.10). Lower abundance of longer chain lengths of Skeletonema spp. resulted in a lower
community sedimentation rate when compared to day 162 where there was a higher abundance of
longer chained Chaetoceros coastal spp. which sank faster. The variation between species chain
length and sedimentation rate could be an adaptive response to modify sinking rates based on
the environmental conditions. For example, chain formation and higher sedimentation rates have
been suggested to be advantageous to microphytoplankton through increased access to nutrients
(Smayda, 1970). However, this advantage depends on local nutrient conditions and turbulence
(BjÆrke et al., 2015; Dell’aquila et al., 2017). Small scale turbulence may replenish nutrients but
it also has the ability to translocate grazers, which have the ability to fragment chains as a response
to chemical cues (BjÆrke et al., 2015). Dead and metabolically stressed chains of cells sink faster
than solitary cells, and in some cases there is find no clear relationship between cell size or shape,
which suggests the physiological/ biochemical status of a cell is more important than morpholog-
ical factors for determining sedimentation rates (Waite et al., 1997; Peperzak et al., 2003; BjÆrke
et al., 2015).
Total particulate carbon sedimentation rates calculated from SETCOL experiments, provide valu-
able information on the transport of carbon from the surface waters. There was large variation
in total carbon sedimentation rates observed above and below the pycnocline in spring and early
summer, which could be a driven by two factors (Figure 6.1). Firstly, there was a large degree
of variation in microphytoplankton cell abundance and composition. In comparison to late sum-
mer/ winter, when cell abundance was relatively low, carbon sedimentation rates were similar
between these dates when compared to spring. There was no correlation observed between mi-
crophytoplankton community sedimentation rates and total carbon sedimentation rate. Peaks in
microphytoplankton community sedimentation did not coincide with higher total carbon sedi-
mentation. Therefore, higher sedimentation rates of microphytoplankton community does not
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necessarily translate into higher total carbon sedimentation rates. The peak in microphytoplank-
ton community sedimentation on day 153, was driven by Chaetoceros spp. and occurred on the
same sampling day as the minimum total carbon sedimentation rates in samples from above the
pycnocline (0.45 µg C m d−1). This means that despite the high sedimentation rate of Chaeto-
ceros spp., the carbon content of the suspended fraction in SETCOL was higher than the sinking
Chaetoceros spp. fraction. Although diatoms dominated the microphytoplankton community at
LY1, dinoflagellates had significantly faster sedimentation rates relative to diatoms and ciliates
(Figure 3.4). During this period of low carbon sedimentation rates on day 153, sedimentation
rates of dinoflagellates were also low (0.94 m d−1). The maximum carbon sedimentation rate
occurred above the pycnocline on day 188 (1.64 µg C m d−1) when microphytoplankton commu-
nity sedimentation rates were low, cell abundance was relatively low, and dominated by P. seriata.
However, sedimentation rates of dinoflagellates were high (1.51 m d−1) on this day relative to
previous days. Microphytoplankton community sedimentation rate is a poor indicator of total car-
bon sedimentation rate, and it is important to consider microphytoplankton groups and individual
taxon sedimentation rate. Additionally, there are sources other than microphytoplankton that need
to be considered when accounting for total particulate carbon sedimentation rates. In a coastal en-
vironment, terrigenous organic and inorganic material will form an important contribution to the
carbon budget, which is not analysed in these SETCOL experiments, and is discussed in Chapter
4.
Microphytoplankton community structure is a key determinant in influencing total community
sedimentation behaviour, aggregate formation, and export (Riebesell, 1989; Turner, 2015; Bach
et al., 2016; Guo et al., 2016). Shifts in microphytoplankton community composition in response
to changing environmental conditions, have been observed to affect community sedimentation
rates at LY1. Community composition at LY1 was dominated by diatoms which, relative to other
microphytoplankton groups in other studies, are major contributors to export flux (Guo et al.,
2016; Bannon and Campbell, 2017). However, high dinoflagellate sedimentation rates and the
lack of a relationship been microphytoplankton community sedimentation rates and total carbon
sedimentations rates, suggests other groups of microphytoplankton and other particulate material
is important in addition to diatoms in explaining carbon sedimentation at LY1 (e.g. TEP, bacteria,
inorganic material). Additionally, the lack of relationship between microphytoplankton commu-
nity sedimentation rates and total carbon sedimentations rates could be a result of a time lag in
response to environmental factors.
3.4.2 Environmental and biochemical controls on sedimentation rate
The effect of inorganic nutrient concentration, environmental, and biochemical parameters on mi-
crophytoplankton sedimentation rates depended on sample year, and depth above versus below
the pycnocline. Phosphate depletion above the pycnocline in 2015 related to lower sedimentation
rates, which was not expected as higher sedimentation rates have been linked to nutrient deple-
tion (Table 3.1). Bienfang et al. (1982) found low phosphate concentrations were related to lower
sedimentation rates with laboratory cultured unialgae diatom species. However, in studies using
natural microphytoplankton assemblages have found increased sedimentation during phosphate
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depletion (Bienfang and Harrison, 1984; Waite et al., 1992a), whilst others have found no corre-
lation (Bienfang, 1981b; Culver and Smith, 1989; Johnson and Smith, 1986; Guo et al., 2016).
This could be due to differences in the microphytoplankton community composition used and
subsequent differences in nutrient uptake rates. Silicate depletion was related to sedimentation
rate increases below the pycnocline in 2016. Bienfang et al. (1982) found that silicate deple-
tion elicited the largest increase in sedimentation rates out of phosphate and nitrate in all four
laboratory cultured test species. Silicate is an essential nutrient for diatom growth and therefore
silicate limitation could have elicited increased sedimentation rates at LY1. In this study, nitrate
had no significant relationship to community sedimentation rate for either year or depth. There are
conflicting results in the literature regarding the effect of nutrient status on sedimentation rates.
Results are dependent on what type of microphytoplankton are cultured (unialgal or mixed assem-
blages), natural assemblages, methodology of estimating sedimentation rates, and experimental
design. Despite differences in the relationship between nutrient availability and sedimentation
rates, it is generally accepted that there are genus specific differences in sedimentation response
to nutrient declines (Waite et al., 1992a). For example, Skeletonema spp. is suggested to be less
sensitive to nutrient depletion than Chaetoceros spp. (Waite et al., 1992a). This means when
Skeletonema spp. dominated, nutrient fluctuation could have a lesser effect on sedimentation rates
when compared to Chaetoceros spp. dominated dates. When investigating community sedimen-
tation rates of a mixed assemblage of species, with mixed requirements for certain nutrients, it is
hard to distinguish the relationship between nutrient concentration and community sedimentation
rates because of these different requirements.
Wind speed and pycnocline depth were the two significant factors related to microphytoplank-
ton community sedimentation rate. Increased wind speed and pycnocline depth were related to
higher sedimentation rates below the pycnocline in 2015 (Table 3.1). Increased wind speed ef-
fects water column turbulence and physical mixing, which could lead to higher sedimentation
rates of stressed cells as they are uniformly mixed and receive insufficient light (Huisman et al.,
2002). Additionally, water column stratification is a key process in determining the resources
available for phytoplankton growth (Van De Poll et al., 2013). A deeper pycnocline could en-
train microphytoplankton out of photic zone, which could further induce physiological stress, and
increased sedimentation rates. Conversely, shallower pycnocline depths corresponded to higher
sedimentation rates above the pycnocline in 2016. These shallower pycnocline depths could cre-
ate sub-optimal conditions for microphytoplankton (e.g. light intensity) resulting in physiological
stress and induce higher sedimentation rates. The remaining physical environmental parameters
were generally poorly correlated to community sedimentation rates in 2015 and 2016 both above
and below the pycnocline (Table 3.1). Other studies have also found poor correlation with envi-
ronmental or physical parameters, and suggested it to be a result of delays between environmental
conditions and the associated physiological responses (Bienfang, 1981b; Pitcher et al., 1989; Guo
et al., 2016). The time frame of ecological responses to continuously changing environmental con-
ditions is suggested to be controlled by the generation time of the shortest lived species (Reynolds,
2006). This time delay is a plausible explanation for the lack of correlation observed in this study,
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in addition to the suggestion that biological factors play a more important role in explaining sedi-
mentation rates (Johnson and Smith, 1986; Peperzak et al., 2003; Guo et al., 2016).
Altering cell biochemistry in response to various environmental factors, is one mechanism in
which microphytoplankton can regulate cell density, and therefore sedimentation rates (e.g. Jo
et al., 2017). Regulation of cell density to modify cell buoyancy has been suggested to be more
important than particle size (e.g. Waite et al., 1997; Peperzak et al., 2003; Erga et al., 2010; BjÆrke
et al., 2015). However, studies focusing on the relationship between all three of the main macro-
molecular components of microphytoplankton (protein, carbohydrate, and lipids), which deter-
mine buoyancy and therefore sedimentation, are lacking. Previous studies have focused on bulk
carbon measurements (e.g. Johnson and Smith, 1986; Pitcher et al., 1989; Szyper and Karl, 1991),
or one macromolecular component (Richardson and Cullen, 1995). Synthesis and storage of pro-
tein, carbohydrate and lipid during different growth phases is likely to affect cell buoyancy (e.g.
Diekmann et al., 2009; Erga et al., 2015; Bannon and Campbell, 2017). The typical biochemical
composition of natural microphytoplankton populations is on average 40 ± 7, 26 ± 14, and 15 ±
8 % protein, carbohydrate, and lipid respectively (Emerson and Hedges, 1988; Ríos et al., 1998).
The lipid fraction (920 kg m−3) is the less dense compared to protein (1300 kg m−3), and carbohy-
drate (1500 kg m−3), and accumulation of lipid has been linked to the senescent phase (Smayda,
1970; Reynolds, 2006). This suggests that senescent microphytoplankton following the end of a
bloom, should have lower sedimentation rates (Smayda, 1970), which contradicts the theory that
post bloom microphytoplankton communities are significant contributors to carbon export (Guo
et al., 2016). The percentage contribution of lipid per cell was observed to increase from spring to
winter sample dates (Figure 3.15). Sedimentation rate of lipid was inversely related to microphy-
toplankton community sedimentation rate (Table 3.1). Therefore, at higher lipid concentrations,
which occurred in late summer/ winter, microphytoplankton community sedimentation rates were
lower as expected (Figure 3.3). Carbohydrate and protein dominated microphytoplankton bio-
chemical composition in 2016, and were negatively correlated with community sedimentation
rates above the pycnocline (Figure 3.16). Other studies using cultures of T. weissflogii and Dity-
lum brightwellii have found no correlation between carbohydrate content and sedimentation rates
(Fisher and Harrison, 1996), and increased sedimentation rates with an increase of carbohydrate
(Richardson and Cullen, 1995). This study, and others, suggest that cell biochemistry is an im-
portant factor in determining cell sedimentation rates. This is important information in terms of
further understanding sedimentation mechanisms, but also in terms the quality and composition of
organic matter being exported.
3.4.3 Evaluation of methodology
Generally, the use of SETCOLs to investigate sedimentation rates of plankton is well accepted
and widely used (e.g. Pitcher et al., 1989; Kiørboe et al., 1996; Waite and Nodder, 2001; Peperzak
et al., 2003; Guo et al., 2016; Cavan et al., 2017). Peperzak et al. (2003) has summarised the
disadvantages of the use of SETCOL, and causes for errors in sedimentation rate calculations,
which include wall effects of the measuring device imposed onto the sinking particle, presence
of high cell densities, non-linearity between incubation time and settled fraction, and incubation
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conditions that differ from in situ temperature and irradiance.
To minimise sedimentation rate calculation errors in this study, a review of SETCOL methodol-
ogy in the literature was undertaken. Incubation period for this study was selected following a
literature search of other studies using natural phytoplankton assemblages (e.g. Bienfang et al.,
1983; Johnson and Smith, 1986; Pitcher et al., 1989; Szyper and Karl, 1991; Waite et al., 1992a).
SETCOLs containing samples from above and below the pycnocline were incubated at the same
temperature, despite differences between depths in in situ temperature, because both SETCOLs
were mounted on the same stand (Figure B.1). However, temperature differences between above
and below the pycnocline sample depths were small (<0.6◦C) with only one occasion where the
difference was 1◦C. Other studies using SETCOL methods have also carried out incubations of
samples from two different depths in identical experimental conditions (Johnson and Smith, 1986).
Additionally, SETCOLs would have been incubated at exactly in situ temperature which was not
possible in this study due to equipment failure. Incubations were carried out in the light because
the aim of this experiment was to take a "snap shot" of the microphytoplankton community in a
parcel of water, transfer it to SETCOLs with similar environmental conditions and study sedimen-
tation rates. Other studies investigating microphytoplankton community sedimentation rates have
also been carried out in light (e.g. Johnson and Smith, 1986; Pitcher et al., 1989; Riebesell, 1989;
Peperzak et al., 2003). It has been shown that physiologically stressed phytoplankton cells have
higher sedimentation rates compared to non-stressed cells (Eppley et al., 1967; Peperzak et al.,
2003). The agreement between sedimentation rates observed in this study with other studies, sug-
gests SETCOL incubation conditions had a negligible affect on calculated microphytoplankton
sedimentation rates.
3.5 Conclusions
The aim of this study was to investigate community composition, environmental, and biochemical
drivers on seasonal microphytoplankton community sedimentation rates. Key conclusions include:
1. Diatoms specifically Skeletonema and Chaetoceros spp., dominated the microphytoplankton
community composition at LY1 during 2015 and 2016. There were community composition
shifts between seasons in response to environmental changes. For example, Skeletonema
was present at maximum abundances during spring, and when abundances of Skeletonema
decreased, Chaetoceros spp. abundance increased. The microphytoplankton community
composition was composed of a variety of taxa throughout the sample season. Commu-
nity composition analysis was important for determining sedimentation rates. Microphyto-
plankton community sedimentation rate was observed to change when there was a shift in
community structure.
2. The abundance and chain length of chain forming diatoms varied seasonally and with
species. Abundances of longer chain lengths (>5) were higher in spring and summer. Sedi-
mentation rates increased with increasing chain length but this relationship had a number of
caveats including sample day, depth above versus below the pycnocline, sample year, and
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community composition. However, chain formation and high sedimentation rates of long
chains of diatoms are important for transporting carbon from the surface. Further evidence
of the importance of long diatom chains (e.g. Skeletonema spp., Thalassiosira spp., Guar-
dinia spp.) to the sinking flux of POM includes observations in sediment trap deployments
at 20 m at LY1 (Chapter 4, Figure 4.24).
3. Dinoflagellates had significantly faster sedimentation rates relative to diatoms and ciliates.
However, sedimentation rate was species-specific and varied seasonally. It is likely that this
was driven by morphological and physiological differences between species. Microphy-
toplankton community sedimentation rate was not correlated with total particulate carbon
sedimentation rate. Diatoms dominated community composition at LY1 and community
sedimentation rates. However, dinoflagellates were also important in explaining total par-
ticulate carbon sedimentation rates. This highlights the importance of minor components of
microphytoplankton community composition, and other sources of carbon, role in explain-
ing total particulate carbon sedimentation rates.
4. Higher wind speeds and deeper pycnocline depths were significantly correlated with higher
microphytoplankton community sedimentation rates. No correlations were observed be-
tween other environmental variables with microphytoplankton community sedimentation
rates. This could be due to species-specific responses and the time-lag between continual
environmental changes and physiological responses.
5. There was a negative relationship between lipid concentration per cell sedimentation rates,
and microphytoplankton community sedimentation rates in 2015. Cells contained a higher
proportion of lipid towards the end of summer and winter, relative to earlier sampling dates,
which coincided with lower community sedimentation rates relative to spring. Protein and
carbohydrate dominated cell biochemical composition in 2016, and were inversely corre-
lated with microphytoplankton community sedimentation rates. The lack of a consistent
trend between biochemical composition and community sedimentation rates could be a re-
sult of other simultaneous factors affecting sedimentation rates.
It is difficult to isolate the individual effects of factors influencing sedimentation rate when it is
likely to be a suite of interacting and interchangeable factors controlling sedimentation. Due to the
complex dynamics between microphytoplankton ecology, continuously changing environmental
conditions, and associated sedimentation rates, many studies often focus in detail on one trait as the
driving cause for sedimentation. Given the complexity of the processes controlling sedimentation,
and its importance in global biogeochemical cycles, it is a key area for further research.
Chapter 4
Seasonal biogeochemical composition of
particulate material at sequential stages of
transport in the marine environment
4.1 Introduction
Coastal environments represent significant areas for both organic carbon production, preserva-
tion, and remineralisation (Cowie and Hedges, 1992b). The sources and processes that control the
transport of particulate material (PM) through the water column to marine sediments, can have
substantial implications for global biogeochemical cycles (Wakeham and McNichol, 2014). De-
composition of the organic component of particulate material (POM) results in its biochemical
transformation, and nutrient regeneration (or remineralisation; Loh, 2005). Degradation, decom-
position, and remineralisation all refer to biologically catalysed reduction, which usually results in
the conversion of organic carbon, nitrogen, phosphorous and sulphur into inorganic products (Loh
et al., 2008a). The extent of these processes depend on POM properties, such as size, shape and
residency time in the water column, and biogeochemical composition (Cripps and Clarke, 1998).
The composition of PM is heterogeneous in nature and in coastal environments, both marine and
terrestrial derived PM play an important role in carbon export and cycling (Hedges et al., 1997).
However, it is generally accepted that marine POM is more reactive than terrestrial POM (Cowie
and Hedges, 1984; Wakeham et al., 1997b). Additionally, the organic component of PM in coastal
systems is likely to be minor relative to inorganic material. The complex biogeochemical com-
position of PM as a result of source inputs, and continuous modification processes in the water
column, results in the selective preservation of more stable molecular compounds, and in the loss
of labile compounds (Cowie and Hedges, 1994; Wakeham et al., 1997b; Dauwe et al., 1999). This
selective degradation and preservation of compounds can have important implications on the fate
of POM in terms of whether it is remineralised or exported.
A further key factor affecting POM fate in the water column includes its classification into sus-
pended or sinking fractions. There are a wide spectrum of particles present in the water column
with diverse properties, and at different stages of transport. Generally, they are simplified into
small (<20 µm) slow-sinking, and large (>20 µm) fast-sinking particles (Wakeham and Lee, 1989,
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1993). Suspended particulate material (SPM) can be composed of small particles dominated by
microphytoplankton cells, bacteria, clay minerals, and detritus (Lampitt et al., 1993; Wakeham
and Lee, 1993). Typically SPM has long residence times in the water column and is collected via
filtration methods (Rontani et al., 2011). Larger, faster sinking particles commonly consist of zoo-
plankton faecal pellets, large phytoplankton cells, and aggregated material (Sanders et al., 2014;
Turner, 2015). A number of studies have shown that the majority of PM was present as suspended,
slow-sinking particles (e.g. Alonso-Gonzalez et al., 2010; Riley et al., 2012; Cavan et al., 2017).
However, SPM is predicted to be a minor contributor to overall mass flux relative to larger, faster
sinking PM, as a result of slow sinking speeds and long residency times (Wakeham and Lee, 1993;
Turner, 2015). The majority of studies to date have focused on open-ocean sites, with few studies
focusing on coastal systems. Size, shape, and biogeochemical composition of PM will have an
effect on the fate of PM during its transition through the water column.
A suite of biogeochemical tools have been used to characterise the source and diagenetic state of
POM in the water column and sediments. The coupling of elemental compositions and ratios with
stable carbon isotopes (δ 13C), have been used to determine carbon sources (e.g. Hedges et al.,
1988b; Cowie et al., 1992; Loh et al., 2008b). Additionally, molecular-level analysis, and the use
of organic biomarkers, provides information about source and diagenetic status of POM in the wa-
ter column and sediments (e.g. Cowie and Hedges, 1992b; Wakeham et al., 1997b; Kiriakoulakis
et al., 2001; Sheridan et al., 2002). Molecular-level analysis can provide information that would
be excluded from routine bulk elemental analysis. For example, studies have found extensive
degradation accompanied by minimal changes in bulk organic matter parameters (Hedges et al.,
2001; Armstrong et al., 2002). Highly labile amino acids and lipids relative to bulk POM, provide
information on the degradative state and relative proportions of phytoplankton groups contributing
to POM (Wakeham et al., 1997a; Ingalls et al., 2006). Studies have used biochemical components
such as lipids (Wakeham et al., 1997a; Parrish et al., 2005), amino acids (Cowie and Hedges,
1992b; Ingalls et al., 2006), carbohydrates (Cowie and Hedges, 1984), pigments, or a combina-
tion of biochemicals (Lee et al., 2000; Hedges et al., 2001; Wakeham et al., 2009), as markers
of POM source and diagenetic status. These studies have enhanced understanding of how PM
biogeochemical composition varies with source material, PM depth in the water column, and in
response to modification processes. Coastal studies have observed a shift from POM of a marine
predominance, to a relatively higher proportion of terrestrially derived POM during winter (Cowie
and Hedges, 1984; Hedges et al., 1988b). Additionally, relative proportions of key biochemical
compounds (carbohydrate, amino acids and fatty acids) were generally found to decrease with
depth, and during transition through the water column into the sediment interface (Hamilton and
Hedges, 1988; Cowie and Hedges, 1992b; Budge and Parrish, 1998; Fileman et al., 1998; Parrish
et al., 2005).
Insights into seasonal shifts in PM source and biogeochemical composition are important for un-
derstanding temporal differences in composition of PM as particles sink. A recent study investi-
gated the bulk biochemistry of suspended, slow, and sinking fractions of particulate and dissolved
material collected over a seasonal cycle (Davis et al., 2018). However, few studies have included
a molecular-level compositional comparison of SPM, sinking, and sediment samples at the same
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time, depth, and location over a seasonal cycle (from March to November). This investigation,
coupled with detailed microphytoplankton community composition and sedimentation rates cal-
culated in Chapter 3, will provide a greater understanding of organic carbon source, biochemical
composition, and transfer down the water column to sediments in a coastal setting. The analysis
of multiple biochemicals will give an insight into the origin, transformation, and cycling of POM
at a western Scotland coastal site.
4.1.1 Research objectives
The aim of this chapter was to investigate the seasonal biogeochemical composition of PM at dif-
ferent stages of diagenetic alteration: SPM, sinking material, and sediment. SPM was sampled
from above and below the pycnocline to investigate compositional differences across a density
discontinuity, where environmental, chemical, and biological parameters were different. Elemen-
tal, isotopic, and biochemical composition of different particulate fractions were collected and
analysed from site LY1 in the Firth of Lorne. Molecular-level analysis of amino acids and fatty
acids (together with bulk carbohydrate analysis) were selected as these biochemicals represented
a large proportion of organic carbon, and they are well recognised source and degradation indi-
cators. A selected range of amino acids and fatty acid biomarkers were used to determine the
source and degradative state of organic material at respective stages of transport through the water
column. This study aims to enhance understanding of the quantity and quality of organic material
at sequential stages of transport in a coastal setting. Defining the biogeochemical composition of
these particulate fractions was then used to determine the relative reactivity of SPM and sinking
particulates described in Chapter 5. Research questions specific to this Chapter include:
1. How does the source of organic material change between suspended, sinking and benthic
fractions?
2. What are the seasonal diagenetic trends in suspended, sinking and benthic fractions?
3. How do seasonal diagenetic trends change with sequential stages of transport from sus-
pended, sinking and benthic fractions?
4.2 Methods
4.2.1 Sample collection
Samples were collected from the suspended, sinking and benthic fractions (Figure 4.1) on board
the RV Seol Mara at site LY1 (Chapter 2, Figure 2.2) from March to November 2016 (Table
4.1). Suspended particulate material and sediment cores were taken on the first day of fieldwork.
Sediment traps were also deployed on this day. On subsequent fieldwork days the sediment traps
were collected after approximately 24 hours of deployment.
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1. Suspended particulate material
2. Sinking particulate material
3. Benthic material
Above pycnocline 3 to 5 m








Figure 4.1: Schematic of suspended particulate material (SPM) collected from above and below
the pycnocline, sinking particulate material using a sediment trap deployed to 20 m, and benthic
material using a Craib corer from LY1 (approximately 50 m depth)
4.2.1.1 Suspended particulate material
A CTD (Seabird SBE 19, Sea-Bird Electronics) was deployed to determine the position of the py-
cnocline. Approximately 25 L of seawater was collected using 5 L Niskin bottles from two depths
above and below the pycnocline (Table 4.1). Water from each of the sample depths was pooled
into Nalgene containers and stored in a cool box until samples were returned to the laboratory and
processed.
4.2.1.2 Sediment trap particulate material
Two moored sediment traps were suspended at a depth of 20 m below the surface to collect sedi-
menting PM (Figure 4.2). Each sediment trap consisted of four grey tubes (110 cm height x 11 cm
diameter) with removable clear plastic collecting tubes. Two traps were deployed in order to obtain
larger samples of sedimenting material. They were deployed at LY1 on separate moorings as close
as logistically possible to each other. A high salinity solution (100 g L−1) was placed in two of the
four collecting cups, in a diagonal arrangement, prior to deployment to reduce resuspension losses
and microbial degradation. Two collecting cups were left without the high salinity treatment, as
these samples were used for reactivity experiments (Chapter 5). Sediment traps were deployed for
approximately 24 hours. Upon retrieval of the traps, the collection cups were removed and pooled
into two Nalgene containers, one for salinity treated and one for no treatment. Nalgene containers
were placed into cool boxes and processed on returning to the laboratory.
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Table 4.1: Sample collection dates for suspended particulate material (SPM) taken from above
and below the pycnocline, sediment traps deployed to 20 m depth, and sediment cores take from
approximately 50 m
Suspended
Date Day in year particulate Sediment trap Sediment
material at 20 m ∼ 50 m
30/03/2016 90 4 & 10 m Deployed -
31/03/2016 91 - Collected -
06/04/2016 97 5 & 10 m Deployed 3 cores
07/04/2016 98 - Collected -
16/05/2016 137 5 & 10 m Deployed 3 cores
17/05/2016 138 - Collected -
01/06/2016 153 3&10 m Deployed 3 cores
02/06/2016 154 - Collected -
05/07/2016 187 3 &10 m Deployed 3 cores
06/07/2016 188 - Collected -
01/08/2016 214 3 & 10 m Deployed 3 cores
02/08/2016 215 - Collected -
15/08/2016 228 3 & 10 m Deployed 3 cores
16/08/2016 229 - Collected -
13/09/2016 257 5 & 10 m Deployed 3 cores
14/09/2016 258 - Collected -
10/10/2016 284 3 & 10 m Deployed 3 cores
11/10/2016 285 - Collected -
07/11/2016 312 3 &10 m Deployed 3 cores
08/11/2016 313 - Collected -
4.2.1.3 Benthic material
Three sediment cores were taken using a hydraulically dampened Craib corer lined with an acrylic
core tube (24 cm height x 5.9 cm diameter; Figure 4.3). The corer was attached to the winch
and lowered to the sediment surface to collect sediment cores with undisturbed water-sediment
surface layer. Triplicate cores were obtained which were then sliced for the top 1 cm of sediment.
Coring was repeated if the surface of the sediment was found to be disturbed. The sediment slice
was placed in a pre-labelled zip lock bag, wet weight was taken, and then the sample was frozen
at -20◦C (carbon and nitrogen, and carbohydrate samples) or -80◦C (fatty acid, amino acid, and
pigment samples).
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Figure 4.2: Sediment trap designed by Leftley and MacDougal (1991)
4.2.2 Sample processing
4.2.2.1 Suspended particulate material
SPM collected from above and below the pycnocline was filtered onto pre-weighed glass fibre
(Whatman GF/F) and cellulose nitrate (Whatman) filters for a suite of biogeochemical analysis
(all GF/F filters ashed at 450◦C for 6 hours; Table 4.2) and the remaining fraction was used in
SETCOL experiments (Chapter 3).
4.2.2.2 Sediment trap particulate material
In the laboratory pooled sediment trap material was sieved (mesh size 850 µm) to remove zoo-
plankton. Due to the large volume of seawater the sediment slurry was collected in (Figure 4.4),
sediment trap material was carefully homogenised in the Nalgene container and then split by vol-
ume into the desired number of fractions for analysis. Fractions were filtered in triplicate for the
analyses listed in Table 4.3. Filters were washed with filtered seawater of a known salinity to re-
move excess salt and stored until analysis. The salinity of the filtered seawater could then be used
to salt correct filter weights.
One fraction was used to calculate total dry mass of sediment trap material collected. This fraction
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Figure 4.3: Fired Craib corer returning to the surface
Figure 4.4: Collecting cups from sediment trap deployed for 24 hours containing sedimented
particulate material
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Table 4.2: Volumes of seawater filtered for analysis completed on suspended particulate material
(SPM)
Analyses Volume filtered (ml) Filter type Sample storage
Carbon & nitrogen 300 25 mm GF/F -20◦C
Organic carbon 300 25 mm GF/F -20◦C
Amino acids 1000 25 mm GF/F -80◦C
Fatty acids 1000 25 mm GF/F -80◦C
Carbohydrates 1000 25 mm GF/F -80◦C
Pigments 1000 47 mm GF/F -80◦C
Lithogenic elements 1000 25 mm Cellulose nitrate Oven dried
Inorganic nutrients 50 25 mm GF/F Filtrate -20◦C
was filtered onto pre-weighed GF/F filters (450◦C, 6 h) and the wet and dry weight was taken.
A fraction of the pooled sediment trap material that contained no salt was used in reactivity exper-
iments (Chapter 5).
Table 4.3: Details of sediment trap material sample splits
Analyses Fraction of split Filter type Sample storage
Carbon & nitrogen 1/8 25 mm GF/F -20◦C
Amino acids 1/8 47 mm GF/F -80◦C
Fatty acids 1/8 47 mm GF/F -80◦C
Carbohydrates 1/8 47 mm GF/F -80◦C
Pigments 1/8 47 mm GF/F -80◦C
Lithogenic elements 1/8 47 mm Cellulose nitrate Oven dried
Total dry mass 1/8 47 mm GF/F Oven dried
4.2.2.3 Benthic material
Sediment cores for fatty acids and pigment analysis were immediately stored in the dark and frozen
at -80◦C until analysis. The remaining cores were stored at -20◦C, freeze-dried, and homogenised
using an agate mortar at 350 rpm for 7 min. Samples were then placed back into the freezer until
analysis (amino acid and carbohydrate analysis), or stored at room temperature (particulate carbon
and nitrogen, and lithogenic tracer element analysis).
4.2.3 Biogeochemical analytical methods
4.2.3.1 Particulate carbon and nitrogen analysis
Particulate total carbon (TC), organic carbon (OC) and total nitrogen (TN) samples from SPM
were taken by filtering 300 ml of seawater from above and below the pycnocline through pre-
ashed (450◦C, 6 h) 25 mm glass fibre filters (Whatman GF/F). A 1/8th fraction split of sediment
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trap material was split into replicates and filtered (Table 4.3), and approximately 20 mg of freeze-
dried sediment was used. For all sample types half of the replicates were used for TC and TN
analysis, and the other half was acid treated for OC.
Filters for OC analysis were fumed (SPM and sediment trap filters) for 4 h in HCl saturated air
to remove inorganic carbon. Filters (both acid treated and non-acid treated for TC/TN) were then
dried overnight at 60◦C and then folded into tin disks. Sediment samples for OC analysis were
weighed into glass vials in which 1 ml sulphurous acid was added. Vials were placed into a vacuum
desiccator overnight. Acid treated and untreated sediment samples were then weighed into tin
disks. Samples were analysed with an ANCA NT prep system coupled with a 20-20 Stable Isotope
Analyser (PDZ Europa Scientific Instruments, Northwich, UK). Calibration was performed using
a solution of isoleucine (L-Isoleucinie, Europa STD) at concentrations of 1 µg N and 5.14 µg C.
Standards were placed in tin caps (with Chromosorb W, PDZ Europa Ltd.) and oven dried at 60◦C
overnight. Calibrations were performed with series of isoleucine standard concentrations ranging
from 5 to 100 µg N (25.7- 514 µg C) run at the beginning of each batch. Two reference samples
(40 µg isoleucine) were analysed after every 8 samples to check the instrument precision (mean
C instrument precision 99 % ± 0.06 SD and mean N instrument precision 99 % ± 0.02 SD) and a
drift correction was applied. Separate samples from the same time point were run in duplicate (to
test method precision), and all samples were blank corrected. The standard deviation (SD) of δ 13C
values for a certain range of carbon (25.7- 514 µg C) were checked and data were used if SD was
<0.5. The limit of detection ranged from 0.02 to 0.1 µg N and 0.1 to 2.1 µg C. Overall method
precision varied between fraction type; precision in SPM above the pycnocline ranged from 0.1
to 22.6 %, in SPM below the pycnocline from 2.2 to 94.4 %, sediment trap material from 0.7 to
101.5 %, and in sediments from 0.9 to 39.1 % (Table C.1 % C.2).
4.2.3.2 Total hydrolysable amino acid analysis
Figure 4.5: Vials containing water column samples on 25 mm GF/F filters (samples 1 to 10) and
sediment trap samples on 47 mm GF/F filters (samples 11 to 19) after addition of the internal
standard
Total hydrolysable amino acids were analysed according to Cowie and Hedges (1992a). Freeze-
dried GF/F filters were carefully placed in pre-labelled 7 ml glass vials with tweezers that had
been rinsed in methanol and dichloromethane. Double distilled 6 N HCl was bubbled with N2 for
10 minutes in a ultrasonic bath. Vials were flushed with argon gas for two minutes before adding
2 ml DD 6 N HCl (for 25 mm GF/F, 3 ml for 47 mm GF/F) whilst still flushing. Immediately
after vials were removed from flushing, filters were submerged in the acid and homogenised, and
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the vials were flamed shut. Vials were placed in a heat block at 155◦C for 70 minutes. Whilst the
vials cooled, the internal standard mixture was made with a ratio of v/v 1:1:1 α-Aminoadipic acid:
ρ-Fluorophenylalanine: δ -Hydroxylysine, and between 50 to 500 µL added to samples depending
on sample type and amount of material present on filters. Vials were opened, the internal standard
mixture was added, and the vials were vortexed (Figure 4.5). Vials were placed in a centrifugal
evaporator overnight. The residue was redissolved in 2 ml DI H2O (for 25 mm GF/F, 3 ml DI H2O
for 47 mm GF/F), vortexed and placed in a ultrasonic bath for approximately 30 minutes. Samples
were vortexed and then centrifuged (5 mins at 3000 rpm). Samples were filtered through glass
fiber filters (Gelman A/E, 0.7 µm, 13 mm), pH adjusted with HCl and KOH to a range of between
9.5 to 10.5, placed into 2 ml high-performance liquid chromatography (HPLC) autosampler vials,
and capped with a Teflon-lined septa.
Freeze dried sediment samples were pre-weighed (approximately 30 mg) into 7 ml glass vials
and 1 ml DD 2 N HCl was added to remove any calcium carbonate present. Samples were then
placed in the centrifuge-evaporator overnight. Analysis of sediment samples then followed the
same procedure as the SPM on 25 mm GF/F samples as detailed above.
The high performance liquid chromatography (HPLC) equipment (Agilent) used for amino acid
analysis consisted of a quaternary pump (1050 series), vacuum degasser (1050 series), temperature
controlled ALS (1100 series), a fluorescence detector (1046A series), and a C18 column (Supleco,
150 mm length, 4.6 mm i.d., 4 µm particle size) maintained at 40◦C. Fluorescent derivatives
of primary amines were formed by reaction with a solution of 25 mg o-phthaldialdehyde (OPA,
Sigma), 50 µL mercaptoethanol (Sigma), 50 µL Brij 23 solution (Sigma), 0.5 ml methanol, and 4
ml 1 M borate buffer. The OPA derivatives were detected using an excitation wavelength of 325
nm and monitoring emission wavelength of ≥ 465 nm. The sample was mixed 50:50 with reagent
in an autosampler loop. Solvent A consisted of methanol, and solvent B consisted of 40 mM
and 5 % tetrahydrofuran (pH 6.3 although exact conditions were adjusted to optimise separation).
The initial solvent composition and gradient (10 to 70 % solvent A) were occasionally altered to
optimise resolution.
Chromatograms were analysed using ChromPerfect software (Justice Laboratories) and degrada-
tion indices (DI) were calculated for each sampling date following Dauwe and Middelburg (1998);
Dauwe et al. (1999). Loses were accounted for by the addition of the internal standard. Separate
samples from the same time point were run in duplicate where possible. Overall method precision
for SPM above the pycnocline samples ranged from 0.79 to 19.57 %, SPM below the pycnocline
from 5.41 to 20.32 %, sediment trap material from 9.96 to 114.06 %, and in sediments from 2.69
to 27.58 % (Table C.3 & C.4)
4.2.3.3 Fatty acid analysis
SPM and sediment trap filters
Filters were placed into 7 ml vials with 5 ml 2:1 chloroform: methanol. Samples were spiked with
5 µL of fatty acid methyl ester internal standard (23:0) using a Hamilton syringe. Samples were
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vortexed and stored at -20◦C until analysis. Samples were removed from the freezer, vortexed,
and filters were removed from the vials using clean tweezers. Samples were extracted following
the Folch et al. (1957) procedure where a quarter volume of 0.88 % (w/v) potassium chloride was
added to the vials, vortexed and centrifuged at 1500 rpm for 2 minutes. The top layer was removed
using a glass pasteur pipette and the bottom layer remaining in the vial was dried under nitrogen.
Dry samples were placed in a vacuum desiccator in the dark overnight. Samples were removed
from the desiccator and redissolved in approximately 0.5 ml chloroform after being vortexed. The
lipid solution was transferred into pre-weighed 2 ml vials using glass pasteur pipettes. The original
7 ml vials were rinsed with chloroform for a second time which was then added to the 2 ml vial.
Vials were then placed under nitrogen to dry before being placed in a vacuum desiccator in the
dark. Vials were weighed for total lipid amounts before adding 100 µL chloroform for storage.
For fatty acid analysis, samples were transferred into 7 ml vials, dried under N2, and 0.5 ml toluene
and 1 ml 1 % methanol sulphuric acid methylation reagent was added (Christie, 1982). Samples
were vortexed, purged with N2, and placed in a heat block at 50◦C for 16 hours. Once cooled,
2 ml DI H2O and 2 ml hexane: diethyl ether (1:1 v/v) was added. Samples were vortexed and
centrifuged at 1500 rpm for 2 minutes. The upper organic layer was transferred into new 7 ml
vial. A further 2 ml hexane: diethyl ether was added to the original 7 ml vial which was then
vortexed, centrifuged and the upper organic layer added to the second vial. Then, 1 ml NaHCO3
(2 % w/v) was added to the second vial which was then vortexed, centrifuged, and placed in the
-20◦C freezer to freeze the bottom layer. Once frozen, the top layer was poured into a new 7 ml
vial, dried under N2 and placed in a vacuum desiccator in the dark. Samples were removed from
the desiccator and dissolved in ∼ 50 to 100 µL hexane. Samples were applied to the base of a
thin layer chromatography (TLC) plate (10 x 10 cm). The TLC plate was developed in a hexane:
diethyl ether: acetic acid (90:10:1) solvent system until solvent was within the top 2 cm of plate.
Figure 4.6: TLC plates showing separation of lipid classes of benthic sediment samples with
FAMES identified using a FAME standard (FAMES highlighted in red box)
The TLC plate was removed from the tank, the solvents were allowed to evaporate and the plate
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was sprayed with dichlorofluorescien stain. Fatty acid methyl ethers (FAMES) were visualised
under UV light and marked with pencil (Figure 4.6). FAMES were then scraped off the TLC plate
and placed into a 7 ml vial. Then, 2 ml hexane: diethyl and 1 ml NaHCO3 (2 % w/v) was added,
vortexed, and centrifuged. Vials were placed in freezer to freeze bottom layer. The top layer was
poured into a new 7 ml vial and dried under N2. Samples were redissolved in ∼ 200 µL hexane
and transferred into 2 ml vials for storage in -20◦C freezer until analysis.
Sediments
Freeze dried sediment samples were weighed into 40 ml vials and 20 ml 2:1 chloroform: methanol
was added, vortexed and stored at -20◦C. Clean 40 ml vials were placed into a holder with a glass
funnel and 90 mm filter paper (Whatman). The funnel, filter paper, and vial were washed with
2:1 chloroform: methanol which was then disguarded. Sediment samples were poured through
the filtering apparatus. An additional 10 ml was added to the original sediment samples, vortexed,
and poured through the filtering apparatus. Samples were extracted using the Folch et al. (1957)
method, and then processed using the same method as for SPM and sediment trap filters.
Fatty acid methyl esters were analysed by gas chromatography (GC) on a Trace 2000 GC fitted
with a Restek, Stabil-wax column (30 m x 0.32 mm i.d.) using hydrogen as the carrier gas. The
oven programme started at 50◦C for 1 minute and then increased by 4◦C per minute up to 190◦C.
Then there was a 1.5◦C increase per minute up to 230◦C which was held for 8 minutes. Fatty acids
in samples were quantified using 23:0 recoveries and relative response factors. Fatty acids were
identified based on the example chromatogram in Figure C.1.
Separate samples from the same time point were run in duplicate except for sediments which were
only ran once (to test method precision). Loses were accounted for by the addition of the internal
standard. Overall method precision for SPM above the pycnocline samples ranged from 0.70 to
38.84 %, SPM below the pycnocline from 2.70 to 38.14 %, and sediment trap material from 3.53
to 72.08 % (Table C.5 & C.6).
4.2.3.4 Carbohydrate analysis
SPM and sediment trap material filtered onto GF/F filters, were analysed for total carbohydrates
using the Dubois et al. (1956) method as detailed in Chapter 3, Section 3.2.3.3. The same method
was used for sediment samples using approximately 20 mg of sediment, and precombusted sedi-
ment from LY1 (500◦, 4 h) was used as blanks.
4.2.3.5 Lithogenic tracer element analysis
Sample dissolution of SPM and sediment trap filters
SPM and sediment trap material filters (Cellulose nitrate, Whatman; Figure 4.7) were placed into
acid cleaned Teflon beakers and digested using high purity acids (SpA grade, ROMIL Ltd., Con-
vent Drive, Waterbeach, Cambridge, UK). To remove oxidisable organic matter, 2 ml Nitric acid
(HNO3, 69%) was added to the beakers and heated. Once cooled, 2 ml Perchloric acid (HClO4,
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A) 91 B) 98 C) 138 D) 154 E) 188
F) 215 G) 229 H) 258 I) 285 J) 313
Figure 4.7: Sediment trap bulk particulate material filtered onto cellulose nitrate filters from
sample days in year (A) 91 (31/03/2016), (B) 98 (07/04/2016), (C) 138 (17/05/2016), (D)
154 (02/06/2016), (E) 188 (06/07/2016), (F) 215 (02/08/2016), (G) 229 (16/08/2016), (H) 258
(14/09/2016), (I) 285 (11/10/2016), and (J) 313 (08/11/2016)
70%) was added and heated for 8 hours to remove any remaining organic material. Once cooled,
the lids of the beakers were removed to allow the samples to evaporate. To the dry residue and
to digest any silicate present, 3 ml HNO3 (69 %), 1 ml Hydrofluoric acid (HF, 40 %), and 1 ml
Hydrochloric acid (HCl, 35 %) was added, gently mixed, and heated to approximately 170 ◦C.
Samples were refluxed for 8 hours after which samples were allowed to evaporate to remove chlo-
rine and acid residues. The remaining dry residue was dissolved with DI H2O, and transferred into
acid cleaned 25 ml volumetric flasks. This solution had a final concentration of 5 % HNO3 and
was transferred into acid cleaned 30 ml HDPE storage bottles. In conjunction with every batch of
unknown samples, a marine sediment reference material (GBW07315), and a reagent blank (blank
cellulose nitrate filter and empty beaker) were digested and processed.
Sample digestion of benthic sediment
Benthic sediment samples were pre-weighed (approximately 10 mg) into acid cleaned Teflon
beakers. For complete dissolution of the sample, 3 ml HNO3 (69 %), 1 ml HF (40 %) and 1
ml HCl (35 %) was added and gently mixed. Samples were left to stand for 15 minutes, covered
with caps and then heated to ∼170◦C to reflux for 8 hours. Samples were then allowed to evap-
orate and made up to a final concentration of 5 % HNO3 following the same method as the filter
material.
Major element analysis (Al, Ba, Ca, Fe, Mg, Mn) was performed on a Perkin Elmer Optima
DV4300 ICP-OES equipped with an AS93plus auto-sampler, a Scott-type spray chamber and
GemTip cross-flow nebulizer. Single samples were ran and blank data were passed within an
acceptable tolerance for the method. The limit of detection for Al, Ba, Ca, Fe, Mg, Mn were
0.003, 0.001, 0.011, 0.002, 0.001, 0.00001 mg g−1 respectively.
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4.2.4 Statistical analysis
Principle component analysis (PCA) is a multivariate tool that allows a large number of variables
to be reduced into a few principle components. A correlation matrix was used to perform PCA
to investigate compositional trends between samples at different diagenetic stages down the water
column (SPM above (n=10) and below (n=11) the pycnocline, sediment trap (n=10), and sediment
(n=11) samples; samples collected between March to November 2016). Amino acid (mole %)
(n=19) and fatty acid (% composition) (n=21) data were standardised by subtracting values from
the overall mean and dividing by standard deviation to mean centre and account for mixed units.
This PCA analysis and other statistical tests were carried out using Minitab 17 and R Studio.
4.3 Results
4.3.1 Relative contribution of major compound groups to organic material
The amount of total organic carbon (TOC) identified as carbon derived from amino acids, carbo-
hydrates and fatty acids varied seasonally and generally decreased down the water column from
SPM above the pycnocline, to SPM below the pycnocline, to sediment trap material (Figure 4.8).
Amino acids, carbohydrates and fatty acids relative to OC were highest in SPM above the pyc-
nocline, and ranged from 36.1 to 58.7 %, followed by SPM from below the pycnocline (20.8 to
48.7 %). The three major groups of compounds accounted for between 18.5 to 38.4 % and 27.4 to
36.9 % in sediment trap and sediments respectively. Carbohydrates and amino acids dominated the
measurable fraction of TOC in all samples with amino acids accounting for 21.9 to 36.0 % in SPM
above the pycnocline, 12.4 to 33.4 % in SPM below the pycnocline, 5.2 to 19.8 % in sediment trap
material, and 11.5 to 17.1 % in sediment material. Carbohydrate accounted for 9.4 to 22.0 % of
TOC in SPM above the pycnocline, 6.1 to 17.7 % in SPM below the pycnocline, 7.2 to 15.0 % in
sediment trap material, and 15.8 to 20.3 % in sediment material. Fatty acids had the lowest con-
tribution to TOC in all sample types, which ranged from 4.0 to 8.3 % SPM above the pycnocline,
2.3 to 9.3 % SPM below the pycnocline, 1.2 to 12.0 % sediment trap material, and 0.1 to 0.3 %
in sediment material. The percentage contribution of amino acids, carbohydrates, and fatty acid
carbon generally decreased between SPM and sediment trap samples. Percent amino acid carbon
contribution in sediments was either similar to or higher than in sediment trap material but lower
than in SPM samples. Fatty acid carbon accounted for a minute proportion of TOC in sediments,
which ranged from 0.1 to 0.3 %.
Values of δ 13C were most enriched in SPM above and below the pycnocline during spring, when
phytoplankton abundance was at a maximum, and most depleted during winter when cell abun-
dances were low (Figure 4.9A). The seasonal range in δ 13C of SPM was very similar above and
below the pycnocline between -20.7 to -25.3h, and -20.1 to -25.5h respectively (Figure 4.9A).
There were periods where δ 13C values were similar between SPM, sediment trap, and sediment
fractions (days 90, 97, 153). Sediment trap samples were the most enriched sample type over
the summer period reaching -19.3 h and a minimum of -23.7 h δ 13C. There was a relatively
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Figure 4.8: Relative contribution of the major compounds amino acids (%AA-OC), carbohy-
drates (% CHO-OC), and fatty acids (%FA-OC) relative to total organic carbon pool in sus-
pended particulate material (SPM) above (a) and below (b) the pycnocline, sediment trap (c) and
sediment (d) samples from LY1 over 2016
h. There was a statistically significant difference in yearly median δ 13C value between sample
types; the most negative yearly median δ 13C value was -22.9 h ± 0.6 SE in SPM from below
the pycnocline, followed by -22.6h ± 0.6 SE in SPM from above the pycnocline, -21.3h ± 0.1
SE in sediment samples, and was the least negative in sediment trap material (-21.1h ± 0.4 SE;
Kruskall Wallis H= 7.77, df= 3, P=0.051).
Seasonal SPM molar carbon-to-nitrogen (C:N) ratios were generally higher above the pycnocline
and ranged from 6.5 to 7.6 above, and 5.5 to 7.6 below the pycnocline. There was a signifi-
cant difference between yearly averaged SPM C:N ratios with lower C:N ratios below the pycno-
cline (median 6.4 ± 0.1 SE) than above (median 6.8 ± 0.2 SE; Mann-Whitney U-test, U=501.0,
nabove,below= 20, P<0.01). Nitrate concentrations were higher below the pycnocline than above for
the majority of the year which suggested there was higher nitrate availability to be assimilated
into phytoplankton biomass (nitrate concentrations ranged from 0.5 to 6.2 µM below and 0.02 to
4.0 µM above the pycnocline; Chapter 2, Section 2.3.1.2). Sediment trap and sediment material








Table 4.4: Biochemical characterisations of suspended particulate material (SPM) samples collected above and below the pycnocline over the sampling season at
LY1. Mean ± SD concentrations of TOC, total organic carbon; TN, total nitrogen; AA, amino acids; TFA, total fatty acids; CHO, total carbohydrates; %AA-N,
percentage of total nitrogen present as amino acids; %AA-OC, percentage of organic carbon present as amino acids; %TFA-OC, percentage of organic carbon
present as total fatty acids; %CHO-OC percentage of organic carbon present as total carbohydrates; C:N carbon-to-nitrogen molar ratio; -, no measurement
TOC TN AA TFA CHO % AA-N % AA-OC % TFA-OC % CHO-OC C:N
Date DIY µg ml−1 µg ml−1 µg ml−1 µg ml−1 µg ml−1 (molar)
SPM above
30/03/2016 90 0.4 ± 0.0 0.06 ± 0.0 0.3 0.04 ± 0.0 0.2 ± 0.0 55.6 32.4 8.3 ± 3.2 17.9 ± 0.4 6.7 ± 0.1
06/04/2016 97 0.2 ± 0.0 0.04 ± 0.0 0.2 0.01 ± 0.0 0.1 ± 0.00 68.1 36.0 4.3 ± 0.4 18.4 ± 0.0 6.9 ± 0.2
16/05/2016 137 0.3 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.02 ± 0.0 0.08 ± 0.0 55.3 ± 13.5 32.3 ± 5.6 4.9 ± 0.9 12.9 ± 0.4 6.6 ± 0.5
01/06/2016 153 0.3 ± 0.0 0.1 ± 0.0 0.2 0.02 ± 0.0 0.1 ± 0.0 60.2 33.3 5.3 ± 0.04 16.6 ± 0.3 6.6 ± 0.0
05/07/2016 187 - - 0.1 0.01 ± 0.0 0.1 ± 0.0 - - - - -
18/07/2016 200 0.47 ± 0.1 0.1 ± 0.0 0.3 0.03 ± 0.0 0.2 ± 0.0 57.7 31.2 4.8 ± 0.3 15.2 ± 0.3 6.7 ± 0.6
01/08/2016 214 0.4± 0.0 0.06 ± 0.0 0.2 ± 0.0 0.03 ± 0.0 0.2 ± 0.0 51.4 ± 3.6 24.4 ± 1.8 5.6 ± 0.4 22.0 ± 2.1 7.6 ± 0.0
15/08/2016 228 0.3 ± 0.0 0.06 ± 0.0 0.2 ± 0.0 0.03 ± 0.0 0.1 ± 0.0 35.4 ± 0.3 21.9 ± 0.2 6.5 ± 0.5 11.3 ± 1.2 6.5 ± 0.3
13/09/2016 257 0.3 ± 0.1 0.05 ± 0.0 0.1 ± 0.0 0.02 ± 0.0 0.1 ± 0.0 44.5 ± 2.5 21.5 ± 1.1 5.2 ± 1.0 9.4 ± 0.2 7.3 ± 0.8
10/10/2016 284 0.3 ± 0.1 0.1 ± 0.0 0.2 ± 0.01 0.02 ± 0.0 0.1 ± 0.0 45.9 ± 2.5 21.9 ± 1.3 5.4 ± 0.4 9.4 ± 0.1 7.6 ± 1.7
07/11/2016 312 0.2 ± 0.0 0.03 ± 0.0 - 0.01 ± 0.0 0.1 ± 0.0 - - 4.0 ± 0.1 11.7 ± 0.2 7.3 ± 0.3
Mean ± SD 0.3 ± 0.1 0.04 ± 0.0 0.2 ± 0.06 0.02 ± 0.0 0.1 ± 0.1 53.0 ± 9.8 28.3 ± 5.8 5.4 ± 1.2 14.5 ± 4.2 7.0 ± 0.5
SPM below
30/03/2016 90 0.2 ± 0.0 0.03 ± 0.0 0.1 0.02 ± 0.0 0.07 ± 0.0 56.6 27.2 7.9 ± 2.0 13.7 ± 0.2 7.6 ± 0.1
06/04/2016 97 0.5 ± 0.4 0.03 0.1 0.01 ± 0.0 0.07 ± 0.0 63.3 12.4 2.3 ± 0.5 6.1 ± 0.3 6.9 ± 1.5
16/05/2016 137 0.2 ± 0.0 0.04 ± 0.0 0.2 0.02 ± 0.0 0.06 ± 0.0 57.5 33.4 7.4 ± 3.8 10.2 ± 0.7 6.4 ± 0.0
01/06/2016 153 0.3 ± 0.0 0.06 ± 0.0 0.2 0.01 ± 0.01 0.1 ± 0.0 53.3 30.6 3.2 ± 1.2 13.6 ± 1.3 6.4 ± 0.3
05/07/2016 187 - - 0.1 0.01 ± 0.0 0.1 ± 0.0 - - - - -
18/07/2016 200 0.1 ± 0.0 0.04 ± 0.0 0.1 ± 0.0 0.01 ± 0.0 0.07 ± 0.0 52.6 ± 5.3 29.4 ± 3.7 5.2 ± 0.1 13.1 ± 0.2 6.4 ± 0.7
01/08/2016 214 0.2 ± 0.0 0.04 ± 0.0 0.1 ± 0.0 0.01 ± 0.0 0.1 ± 0.0 48.3 ± 4.0 28.7 ± 2.6 4.9 ± 0.8 17.7 ± 0.6 6.3 ± 0.1
15/08/2016 228 0.2 ± 0.0 0.03 ± 0.0 0.1 ± 0.0 0.02 ± 0.0 0.05 ± 0.0 40.1 ± 8.1 26.4 ± 5.3 9.3 ± 4.0 12.3 ± 0.6 5.5 ± 0.2
13/09/2016 257 0.2 ± 0.0 0.04 ± 0.0 0.1 ± 0.0 0.02 ± 0.0 0.06 ± 0.0 47.5 ± 2.8 27.0 ± 1.4 6.1 ± 1.8 9.8 ± 0.6 6.5 ± 0.1
10/10/2016 284 0.2 ± 0.0 0.04 ± 0.0 0.1 ± 0.0 0.01 ± 0.0 0.1 ± 0.0 42.2 ± 2.5 24.8 ± 1.5 4.1 ± 0.4 9.9 ± 0.6 6.3 ± 0.3
07/11/2016 312 0.2 ± 0.0 0.02 ± 0.0 0.1 0.02 ± 0.0 0.04 ± 0.0 32.0 16.3 9.0 ± 2.6 10.5 ± 0.2 7.0 ± 0.5








Table 4.5: Biochemical characterisations of sediment trap and sediment samples collected over the sampling season at LY1. Mean ± SD concentrations of TOC,
total organic carbon; TN, total nitrogen; AA, amino acids; TFA, total fatty acids; CHO, total carbohydrates; %AA-N, percentage of total nitrogen present as amino
acids; %AA-OC, percentage of organic carbon present as amino acids; %TFA-OC, percentage of organic carbon present as total fatty acids; %CHO-OC percentage
of organic carbon present as total carbohydrates; C:N carbon-to-nitrogen molar ratio; -, no measurement
TOC TN AA TFA CHO % AA-N % AA-OC % TFA-OC % CHO-OC C:N
Date DIY mg g−1 mg g−1 mg g−1 mg g−1 mg g−1 (molar)
Sediment trap
31/03/2016 91 81.1 ± 34.3 9.5 ± 4.6 35.7 2.5 ± 0.2 22.6 ± 1.2 57.8 19.8 2.4 ± 0.2 11.2 ± 0.6 10.1 ± 0.6
07/04/2016 98 28.0 ± 13.4 3.4 ± 1.3 8.6 ± 8.8 4.3 ± 3.1 8.9 ± 0.7 51.6 ± 40.5 19.0 ± 14.9 12.0 ± 8.7 12.7 ± 1.0 9.4 ± 0.9
17/05/2016 138 38.1 ± 18.6 4.7 ± 2.3 41.2 ± 47.0 2.7 ± 0.1 9.6 ± 2.9 26.3 ± 20.0 11.2 ± 9.1 5.5 ± 0.2 10.1 ± 3.1 9.4 ± 0.0
02/06/2016 154 47.9 ± 48.6 6.6 ± 6.7 27.9 ± 12.2 2.9 ± 1.1 8.7 ± 0.7 28.3 ± 6.4 12.1 ± 2.9 4.7 ± 1.8 7.2 ± 0.6 8.4 ± 0.0
06/07/2016 188 64.1 ± 5.0 8.0 ± 0.6 23.0 ± 3.1 1.0 ± 0.1 19.8 ± 1.4 13.8 ± 3.1 5.2 ± 1.1 1.2 ± 0.1 12.3 ± 0.9 9.4 ± 0.1
02/08/2016 215 39.9 ± 1.8 4.8 ± 0.0 13.9 ± 2.0 1.0 ± 0.2 15.0 ± 0.4 15.0 ± 2.5 5.5 ± 0.9 2.0 ± 0.3 15.0 ± 0.4 9.7 ± 0.5
16/08/2016 229 33.6 ± 1.6 3.8 ± 0.2 12.6 ± 2.9 2.7 ± 1.4 12.2 ± 1.5 10.3 ± 0.1 3.5 ± 0.0 6.3 ± 3.2 14.5 ± 1.7 10.3 ± 1.0
14/09/2016 258 42.4 ± 9.5 4.9 ± 0.7 16.4 ± 2.8 1.1 ± 0.0 13.9 ± 0.2 17.9 ± 1.6 5.3 ± 0.5 2.0±0.6 13.1 ± 0.2 10.0 ± 0.9
11/10/2016 285 53.1 ± 11.7 7.5 ± 1.3 15.7 ± 1.6 1.1 10.8 ± 8.1 7.7 ± 0.1 3.4 ± 0.1 1.6 8.1 ±6.1 8.3 ± 0.4
08/11/2016 313 13.4 ± 1.1 2.1 ± 0.1 18.2 ± 5.0 1.0 ± 0.1 16.8 ± 2.8 26.5 ± 2.4 13.5 ± 1.1 3.6±2.8 50.2± 8.4 7.5
Mean ± SD 44.2 ± 19.0 5.5 ± 2.3 21.3 ± 10.6 2.0 ± 1.2 13.8 ± 4.8 25.5 ± 17.0 9.3 ± 5.5 4.4 ± 3.3 15.5 ± 12.5 9.4 ± 0.4
Sediment
30/03/2016 90 6.9 ± 1.1 0.8 ± 0.2 2.8 ± 0.2 0.01 3.5 ± 0.3 49.6 ± 2.5 16.7 ± 1.0 0.1 20.3 ± 1.6 9.7 ± 0.2
06/04/2016 97 8.5± 0.6 1.1 ±0.1 2.6 ± 0.2 0.03 3.4 ± 1.0 35.9 ± 2.7 12.3 ± 0.9 0.3 15.9 ± 4.5 9.5 ± 0.0
16/05/2016 137 17.2 ± 3.2 2.2 ± 0.4 6.4 ± 0.7 0.03 7.8 ± 0.9 42.0 ± 3.9 14.9 ± 1.4 0.2 18.2 ± 2.0 9.1 ± 0.0
01/06/2016 153 11.6 ± 4.5 1.4 ± 0.6 4.9 ± 1.5 0.05 5.6 ± 1.8 44.3 ± 13.7 17.1 ± 4.4 0.3 19.5± 6.2 9.4 ± 0.1
05/07/2016 187 13.3 ± 1.0 1.7 ± 0.1 5.3 ± 0.9 0.03 6.0 ± 1.0 46.1 ± 9.4 16.0 ± 3.3 0.2 18.0 ± 3.1 9.2 ± 0.1
18/07/2016 200 21.5 ± 4.4 2.8 ± 0.6 6.2 ± 0.4 0.04 8.5 ± 0.4 31.6 ± 2.2 11.3 ± 0.9 0.1 15.7 ± 0.7 9.1 ± 0.1
01/08/2016 214 20.8 ± 0.5 2.7 ± 0.1 6.1 ± 0.2 0.02 8.5 ± 0.5 32.2 ± 0.8 11.5 ± 0.3 0.1 16.3 ± 1.0 9.0 ± 0.1
15/08/2016 228 14.0 ± 1.3 1.8 ± 0.2 5.4 ± 0.2 0.04 6.1 ± 1.1 42.3 ± 1.3 15.1 ± 0.6 0.3 17.3 ± 3.2 9.1 ± 0.1
13/09/2016 257 12.7 ± 3.8 1.6± 0.5 4.3 ± 1.2 0.02 5.7 ± 0.8 38.6 ± 10.5 13.5 ± 3.4 0.1 17.9 ± 2.4 9.3 ± 0.0
10/10/2016 284 12.3 ± 0.1 1.5 ± 0.0 4.6 ± 0.3 0.02 5.7 ± 0.8 43.2 ± 2.5 14.8 ± 0.9 0.1 18.6 ± 2.7 9.3 ± 0.0
07/11/2016 312 18.8 ± 1.1 2.3 ± 0.1 5.6 ± 0.1 0.02 7.4 ± 0.6 33.6 ± 0.7 11.5 ± 0.1 0.1 15.8 ± 1.2 9.4 ± 0.3

































Figure 4.9: (A) Mean ± SD δ 13C (h), and (B) mean ± SD molar carbon-to-nitrogen ratios
(C:N) for suspended particulate material (SPM) above and below the pycnocline, sediment trap
material, and sediment samples collected from LY1 over 2016
4.3.2 Amino acid composition
4.3.2.1 Suspended particulate material amino acid composition
Amino acid concentrations varied considerably over the sampling season in SPM above and be-
low the pycnocline (Figure 4.10a, Table 4.4). There was a significant strong positive correlation
between amino acid concentration and phytoplankton cell abundance (Pearson’s Correlation Co-
efficient, r=0.9, df=8, P=0.003). The initial peak in SPM amino acid concentrations above the
pycnocline on day 90 (0.3 µg ml−1) corresponded to peak phytoplankton cell abundance (Chapter
2, Figure 2.13). Concentrations then decreased until a secondary peak around day 200 (0.3 µg
ml−1). For the majority of the year, amino acid concentrations were higher in SPM above the
pycnocline than below.
Neutral amino acids (GLY: glycine, ALA: alanine, VAL: valine, ILEU: isoleucine, LEU: leucine)
dominated SPM above and below the pycnocline over the sample year (Figure 4.11). Mole per-
centage contribution of each amino acid group followed similar trends at the two depths with
neutral amino acids dominating followed by acidic (ASP: aspartic acid, GLU: glutamic acid),
hydroxylic (SER: serine, THR: threonine), aromatic (TYR: tyrosine, PHE: phenylalanine), ba-
sic (HIS: histidine, ARG: arginine), non-protein (BALA: β -alanine, GABA: γ-aminobutyric acid,




































































Figure 4.10: Mean ± SD seasonal amino acid concentrations in suspended particulate material
(SPM) above and below the pycnocline (a; µg ml−1), sediment trap and sediment material (b;
mg g dry weight −1)
0.8, 0.8 % above and 46.2, 19.5, 11.5, 6.3, 6.1, 0.7, 0.8% below the pycnocline respectively (Table
C.8).
Investigating the dominant amino acid in each sample type averaged over the sampling year
showed that glycine, glutamic acid, lysine, and alanine dominated SPM above the pycnocline
accounting for 13.05, 13.66, 11.10, and 10.97 mole percent respectively (Figure 4.12). Similarly,
SPM below the pycnocline was dominated by glycine, glutamic acid, alanine, and lysine which
contributed 15.16, 13.14, 11.19, and 9.27 mole percent respectively. Non-protein amino acids β -
alanine and γ-aminobutyric acid, recognised indicators of degradation, were minor components of
amino acid in SPM accounting for less than one mole percent.
There was a large degree of seasonal variability in mole percentages of amino acid in all of the
sample types. Intracellular amino acids in diatoms such as leucine, phenylalanine, and isoleucine,
were generally higher in SPM above the pycnocline over the sampling season (Figure 4.13A, B,
and C). Peaks in mole percent values of leucine, phenylalanine, and isoleucine in SPM above
the pycnocline corresponded to higher degradation indices (day 228; Figures 4.13A, B, and C
and Figure 4.15A) indicating fresh, labile material. Higher DI values are associated with fresher,
less degraded material (Dauwe and Middelburg, 1998; Dauwe et al., 1999). Mole percentages of
tyrosine were similar above and below the pycnocline, and gradually increased over the year with
higher mole percentages in SPM below the pycnocline later in the year (Figure 4.13D).
Seasonal trends of diatom cell wall associated glycine, serine, and threonine (Dauwe et al., 1999)
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Figure 4.11: Mole percentage contribution of amino acid groups from suspended particulate
material (SPM) above and below the pycnocline, sediment trap and sediment samples (mean
over annual sampling ± SD). Acidics: aspartic acid, glutamic acid. Aromatic: tyrosine, pheny-
lalanine. Basics: histidine, arginine. Hydroxylics: serine, threonine. Neutral: glycine, alanine,
valine, isoleucine, leucine. Non-protein: β -alanine, γ-aminobutyric acid, ornithine. Sulfidic:
methionine.
showed a relatively constant mole percent value from spring into summer, and subsequently a
gradual increase in mole percent value towards the end of the year (Figure 4.14A to C). Decreased
mole percent contributions of glycine, serine, and threonine in SPM above and below the pycn-
ocline corresponded to higher DI values (Figure 4.15A). This relationship was especially evident
on day 228 above the pycnocline; when mole percent of glycine, serine, and threonine was at a
yearly minimum, DI was at a yearly maximum of 2.89. There were seasonal differences in mole
percentages of non-protein amino acids as they progressively increased over the season (Figure
4.15B). Percentage of total nitrogen as amino acids mirrored the trend of non-protein amino acids























Figure 4.12: Mole percent contributions of individual protein and non-protein amino acids to AA in suspended particulate material (SPM) above and below the
pycnocline, sediment trap and sediment samples. (Mean mole % ± SD averaged over annual sampling period). Aspartic acid (ASP), glutamic acid (GLU), serine
(SER), histidine (HIS), glycine (GLY), threonine (THR), arginine (ARG), alanine (ALA), β -alanine (BALA), tyrosine (TYR), γ-aminobutyric acid, methonine
(MET), valine (VAL), phenylalanine (PHE), isoleucine (ILEU), leucine (LEU), ornithine (ORN), and lysine (LYS).
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Trends of ASP/BALA ratios above versus below the pycnocline were variable over the year with
wide ranging values from 4.3 to 74.1 (Table 4.6). Ratios of GLU/GABA were high in SPM
samples, relative to sediment trap and sediment material, as a result of lower mole percentages
of GABA in SPM compared to sediment trap and sediment material. The sum of mole percent
values of BALA and GABA (% BALA+GABA) is an additional diagenetic indicator, which is not
reliant on the relationship of ASP/BALA and GLU/GABA (Cowie and Hedges, 1994). Higher
% BALA+GABA was observed in sediments, with low seasonal variation, indicating a increased
diagenetic state relative to sediment traps and SPM (Table 4.6). The relationship between %
BALA+GABA in SPM and sediment trap material varied seasonally, with similar values in the
two sample types during spring and early summer. After which % BALA+GABA values tended
to be lower in sediment trap samples relative to SPM.
4.3.2.2 Sediment trap amino acid composition
Concentrations of amino acids in sediment trap material followed the same initial trend as SPM
(Table 4.5). Initial concentrations of amino acids were high (35.7 mg g dry wt.−1), and subse-
quently decreased in line with SPM amino acid concentrations. A secondary peak, with high
standard deviation, in sediment trap amino acid concentration was reached on day 138 (41.2 mg
g−1 ± 47.0 SD; Figure 4.10b). Following this initial variation in amino acid concentrations, con-
centrations showed little seasonal variation for the remainder of the year (Figure 4.10b).
Mole percentage contribution of each amino acid group in sediment trap material mirrored those
of SPM (Figure 4.11; neutral 46.1, acidic 20.0, hydroxylic 11.0, aromatic 6.0, basic 6.0, sulfuric
0.8, non-protein 0.9 % mole percentage contribution). Dominant amino acids in sediment trap
material included glycine, glutamic acid, and alanine (Figure 4.12, Table C.10).
Generally, seasonal trends in mole percent values of key intracellular amino acids in SPM were
reflected in sediment trap material (Figure 4.13A to E). Mole percentage of leucine was similar
to SPM below the pycnocline for the majority of the year. Additionally, the seasonal variation
of leucine and phenylalanine corresponded to the trend in the degradation index with lower DI
when there was a lower mole percent values of leucine and phenylalanine. Mole percentage of
isoleucine was lower in sediment trap material when compared to SPM during spring and summer
until day 215 where mole percent values of isoleucine were highest in sediment trap material.
Tyrosine in sediment trap material mirrored SPM with increasing mole percentage over the year
(Figure 4.13D). The range of mole percent values of glutamic acid was highest in sediment trap
material, ranging from 2.62 to 19.97 mole % (Figure 4.13E).
Seasonal trends in percentages of cell wall associated amino acids glycine, serine, and threonine in
sediment trap material were similar to those in SPM during spring and summer (Figure 4.14A to
C). Around day 258 mole percent of glycine and serine decreased, leaving higher mole percentages
in SPM relative to sediment trap material. During periods of minimum mole percent of glycine,
serine and threonine on days 138 and 258, sediment trap DI values were at a maximum of 1.57 and
1.50. Sediment trap %AA-N was of a similar percent as SPM for the first sample date. However,

















































































Figure 4.13: Mean ± SD mole percent contributions of diatom intracellular amino acids (A)
leucine (LEU), (B) phenylalanine (PHE), (C) isoleucine (ILEU), (D) tyrosine (TYR), and (E)
glutamic acid (GLU) in suspended particulate material (SPM) above and below the pycnocline,
















































SPM above SPM below Sediment trap Sediment
Figure 4.14: Mean ± SD mole percent contributions of diatom cell wall associated amino acids
(A) glycine (GLY), (B) serine (SER), and (C) threonine (THR) in suspended particulate material
(SPM) above and below the pycnocline, sediment trap and sediment samples.
lower %AA-N in sediment trap material which suggests selective loss of amino acids relative to
bulk nitrogen. Ratios of ASP/BALA in sediment trap material were occasionally higher than in
SPM, and always higher than sediment (Table 4.6). In contrast GLU/GABA ratios were lower in
sediment trap material than SPM, and lowest values were observed in sediments.
4.3.2.3 Sediment material amino acids
Sediment amino acid concentrations were lower than that in the sediment traps, reaching a maxi-
mum of 6.4 mg g dry wt.−1 ± 0.7 SD (Figure 4.10B, Table 4.5). Neutral amino acids dominated
sediment material followed by acidics, hydroxylics, basics, aromatics, non-protein, and sulfuric
which accounted for 51.6, 13.6, 11.9, 6.8, 4.2, 2.9, 0.5 % respectively (Figure 4.11). A decrease
in acidic and an increase of non-protein amino acid groups in sediment samples, relative to SPM
and sediment trap material, was observed.
Glycine dominated sediment amino acids accounting for 22.84 mole percent, and was responsible
for the increase of neutral amino acids relative to lower mole percentages found in SPM and sed-
iment trap material (Figure 4.12). Mole percentages of aspartic acid and glutamic acid, precusors
of degradational products BALA and GABA, were lower in sediment relative to sediment trap
and SPM (Figure 4.12). Ratios of ASP to BALA were often found to be higher in sediment trap
material than SPM and always lowest in sediment samples (Table 4.6). GLU to GABA ratios were























































SPM above SPM below Sediment trap Sediment
Figure 4.15: (A) Amino acid-derived degradation indices (DI), (B) mole percent contribution
of non-protein amino acids, and (C) percentage of total nitrogen represented as amino acids (%
AA-N) in suspended particulate material above (SPM A) and below (SPM B) the pycnocline,
sediment trap and sediment samples collected from LY1 over 2016. (Mean mole% ± SD aver-
aged over annual sampling period for A)
(Table 4.6).
Generally, mole percentages of key diatom intracellular amino acids were lowest in sediments
when compared to the other sample types (Figure 4.13A to E). Additionally, there was less sea-
sonal variation in mole percent of these amino acids in sediments in contrast to the seasonal vari-
ation in SPM and sediment trap material. During 2016, sediment samples contained a relatively
constant low mole percentage of intracellular amino acids, which was reflected in the low DI value
that was also relatively constant over the year (Figure 4.15A). Similarly, there was little seasonal
variation in cell wall associated glycine, that was found to have a much higher mole percent con-
tribution in sediment in contrast to the other sample types (Figure 4.14A). The seasonal range of
serine and threonine in sediment was similar to SPM and sediment trap material (Figure 4.14B and
C). Sediments had higher mole percent of non-protein amino acids than SPM and sediment trap
samples for the entire year. Sediment %AA-N was highest on day 90 (49.60 %) and subsequently
showed little seasonal variation in comparison to SPM and sediment trap samples (Figure 4.15C).
For the majority of the year %AA-N was higher in sediment than sediment trap samples.
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Table 4.6: Amino acid degradation indicators from suspended particulate material above (SPM
A) and below (SPM B) the pycnocline, sediment trap (ST), and sediment (S) samples from
dates in 2016. ASP/BALA: aspartic acid to β -alanine ratio, GLU/GABA: glutamic acid to γ-
aminobutyric acid ratio, % BALA + GABA: sum of BALA and GABA mole percentages, DI:
degradation index derived from Dauwe et al. (1999)
Sample Depth Date Day in ASP/ GLU/ % BALA DI
(m) year BALA GABA +GABA
SPM A 4 30/03/16 90 22.3 1281.3 0.4 1.3
SPM B 10 30/03/16 90 15.7 464.7 0.4 1.2
ST 20 31/03/16 91 4.9 20.3 0.5 1.0
S 50 30/03/16 90 5.5 17.4 1.8 -0.2
SPM A 5 06/04/16 97 24.7 - 0.2 1.4
SPM B 10 06/04/16 97 17.3 1675.0 0.3 1.3
ST 20 07/04/16 98 30.1 204.5 0.2 1.1
S 50 06/04/16 97 3.9 15.8 1.9 -0.2
SPM A 5 16/05/16 137 74.1 784.4 0.3 1.8
SPM B 10 16/05/16 137 32.1 453.6 0.3 1.3
ST 20 17/05/16 138 61.3 151.3 0.1 1.6
S 50 16/05/16 137 4.1 14.5 1.8 -0.3
SPM A 3 01/06/16 153 6.8 494.7 0.4 1.7
SPM B 10 01/06/16 153 9.87 526.30 0.3 1.5
ST 20 02/06/16 154 54.0 430.6 0.2 1.1
S 50 01/06/16 153 3.9 14.2 1.9 -0.4
SPM A 3 05/07/16 187 4.3 351.6 0.6 1.8
SPM B 10 05/07/16 187 3.7 546.8 0.7 2.1
ST 20 06/07/16 188 19.4 41.6 0.7 0.8
S 50 05/07/16 187 4.5 13.8 1.8 -0.3
SPM A 3 18/07/16 200 4.0 493.9 0.7 1.8
SPM B 10 18/07/16 200 20.4 1204.2 0.7 1.3
ST 20 - - - - - -
S 50 19/07/16 201 3.9 12.1 2.0 -0.2
SPM A 3 01/08/16 214 58.5 310.8 0.2 1.3
SPM B 10 01/08/16 214 66.1 307.7 0.2 1.2
ST 20 02/08/16 215 25.1 67.9 0.5 0.9
S 50 01/08/16 214 4.3 12.4 2.0 -0.2
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Table 4.6: continued
Sample Depth Date Day in ASP/ GLU/ % BALA DI
(m) year BALA GABA +GABA
SPM A 3 15/08/16 228 11.0 228.0 0.9 2.9
SPM B 10 15/08/16 228 5.9 106.5 1.4 1.1
ST 20 16/08/16 229 44.9 31.2 0.6 0.3
S 50 15/08/16 228 5.5 13.3 1.8 -0.2
SPM A 5 13/09/16 257 5.1 133.4 1.4 1.2
SPM B 10 13/09/16 257 6.4 145.6 1.2 1.0
ST 20 14/09/16 258 35.2 60.5 0.6 1.5
S 50 13/09/16 257 3.4 13.1 1.9 -0.1
SPM A 3 10/10/16 284 5.3 153.9 1.2 1.0
SPM B 10 10/10/16 284 79.9 185.8 0.1 1.0
ST 20 11/10/16 285 20.7 33.0 0.7 0.8
S 50 10/10/16 284 4.3 14.1 1.9 -0.3
SPM A 3 07/11/16 312 - - - -
SPM B 10 07/11/16 312 68.6 - 0.1 0.7
ST 20 08/11/16 313 44.2 197.3 0.2 1.0
S 50 07/11/16 312 3.5 13.5 1.8 -0.3
4.3.3 Fatty acid composition
4.3.3.1 Suspended particulate material FA composition
Total fatty acid (TFA) concentrations varied considerably over the sampling season in SPM above
and below the pycnocline (Figure 4.16a, Table C.11 and Table C.13). There was an initial peak in
SPM TFA concentration above the pycnocline on day 90 (38.0 µg L−1; Figure 2.13). Concentra-
tions then decreased until a secondary peak around day 200 (29.0 µg L−1). For the majority of the
year TFA concentrations were higher in SPM above the pycnocline than below.
Percentage composition of polyunsaturated fatty acid (PUFA), monounsaturated fatty acid
(MUFA), and saturated fatty acid (SFA) in SPM showed seasonal variation (Figure 4.17, Table
C.12 and Table C.14). The SPM samples from above and below the pycnocline were relatively
similar in percentage composition of PUFA, MUFA, and SFA when compared to sediment trap
and sediment composition. PUFAs had a significantly higher percentage composition in SPM
samples above (median 24.0 %), and below (median 23.1 %) the pycnocline compared to sedi-
ment trap (median 16.7 %), and sediment samples (median 17.9 %; Kruskall Wallis H= 18.41, df=
3, P=0.000). Percentage composition of PUFA in SPM above the pycnocline ranged from 18.70
to 40.20 % of TFA, and 16.90 to 33.00 % below the pycnocline. Percentage contribution of PUFA
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Figure 4.16: Mean ± SD seasonal total fatty acid concentrations in suspended particulate ma-
terial (SPM) above and below the pycnocline (a; µg L−1), sediment trap and sediment material
(b; µg g dry weight −1)
to total fatty acids in SPM was highest during spring and summer sample dates. SFA percentage
contribution to TFA gradually decreased from the first sample date, until day 257 after which it
increased. SFA ranged from 31.3 to 65.5 % and 38.9 to 63.5 % in SPM above and below the
pycnocline respectively. MUFA generally had the lowest percentage contribution to TFA in SPM
(15.8 to 36.3 % above, and 13.4 to 26.4 % below the pycnocline).
Diatoms dominated the phytoplankton community at LY1, and fatty acid biomarker 16:4(n-1) was
used as a diatom indicator (Chapter 2, Figure 2.13). There was a significant positive correlation
between diatom cell abundance and percentage contribution (and concentration) of 16:4(n-1) to
TFA in SPM samples from above the pycnocline (Pearson’s Correlation Coefficient, r=0.8, df=8,
P= 0.008). Peaks in percent 16:4(n-1) contribution corresponded to peaks in diatom abundance
(Figure 4.18A). Highest percent contribution of 16:4(n-1) was found in SPM during spring and
summer, coinciding with peaks in microphytoplankton cell abundances, with lowest contributions
occurring in winter. Other fatty acids identified as diatom biomarkers (16:1(n-7) and 20:5(n-3))
had high percentage contributions to total fatty acids which varied seasonally in SPM samples





































































Day in year Day in year
90 97 137 153 187 200 214 228 257 284 312 90 97 137 153 187 200 214 228 257 284 312
91 98 138 154 188 215 229 258 285 313




















Figure 4.17: Percentage composition of polyunsaturated (PUFA), monounsaturated (MUFA), and saturated (SFA) fatty acids in suspended particulate material
above (a; SPM A) and below (b; SPM B) the pycnocline, sediment trap material (c) and sediment (d) sampled over 2016
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The dinoflagellate biomarker 22:6(n-3) had the highest percent contribution to total fatty acids
in SPM collected above followed by SPM below the pycnocline for all of the sampling dates
(Figure 4.18B). There was a significant positive correlation between dinoflagellate cell abundance,
and percentage contribution of 22:6(n-3) to total fatty acids (Pearson’s Correlation Coefficient,
r=0.76, df=8, P=0.02; excluding anomaly of 11.01% 22:6(n-3) on day 228 Figure 4.18B). Elevated
contributions of 22:6(n-3) corresponded to high cell abundances of dinoflagellates in summer.
4.3.3.2 Sediment trap FA composition
Sediment trap material had higher concentrations of TFA during the spring with a maximum of
4327.3 µg g dry wt.−1, and lower concentrations of TFA during winter (Figure 4.16b, Table C.15).
The initial peak in sediment trap material TFA concentration on day 98 and subsequently day 229
(2712.1 µg g dry wt.−1), occurred following peaks in SPM TFA concentration.
Percentage contribution of PUFA to TFA had a lower contribution in sediment trap material rel-
ative to SPM, and contributed between 8.8 to 24.3 % of TFA (Figure 4.17, Table C.16). PUFA
in sediment trap material was lowest in winter. SFAs dominated the composition of sediment
trap material (median 67.8 %), and sediment (median 50.5 %), and contributed to a significantly
lower percentage composition in SPM samples above (median 49.3 %), and below the pycnocline
(median 54.8 %; Kruskall Wallis H= 17.93, df= 3, P= 0.000). SFA in sediment trap material
followed similar trends to SPM above the pycnocline, with percentage contribution to TFA grad-
ually decreasing over spring/ summer, and reached a maximum during winter (ranged from 61.6
to 82.9 %). MUFA were responsible for the lowest contribution to TFA in sediment trap samples
accounting for 8.3 to 26.4 %.
Percentage composition of 16:4(n-1) to TFA in sediment trap material, was highest during spring
similarly to SPM (Figure 4.18A). Later in the year percentage contribution of 16:4(n-1) was low
in sediment trap material, but of a similar percentage composition as in SPM and sediment sam-
ples. Dinoflagellate biomarker 22:6(n-3) accounted for a similar percent composition to TFA as
in SPM during the spring (Figure 4.18B). As dinoflagellate cell abundance increased, percentage
contribution of 22:6(n-3) of TFA in sediment trap material increased, but not to the same extent as
observed in SPM.
4.3.3.3 Sediment material FA composition
Concentrations of TFAs in sediment were considerably lower when compared to sediment trap
material (Figure 4.16b, Table C.17). Sediment TFA concentrations gradually increased from day
97 to a maximum on day 188 (47.7 µg g dry wt.−1) after which concentrations were variable until
they finally decreased at the end of the year.
MUFAs had the highest contribution to TFA composition in sediments (median 32.67 %), which
was significantly higher than sediment trap material (median 15.6 %), SPM above (median 26.7
%), and below (median 22.5 %) the pycnocline compositions (Kruskall Wallis H= 27.92, df= 3,
P= 0.000; Table C.18). The range PUFA percentage contribution to TFA was similar in sediments
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Figure 4.18: (A) Diatom biomarker 16:4(n-1) with seasonal diatom abundance (cells L−1) sam-
pled from above the pycnocline (red line and circles) and (B) Dinoflagellate biomarker 22:6(n-3)
with seasonal dinoflagellate abundance (cells L−1) sampled from above the pycnocline (red line
and circles). Samples as a percentage of total fatty acid from suspended particulate material
above (SPM A) and below (SPM B) the pycnocline, sediment trap and sediment samples col-
lected during 2016 at site LY1.
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(9.8 to 26.3 %) relative to sediment trap material (8.8 to 24.3 %; Figure 4.17).
The percent contribution of 16:4(n-1) in sediments gradually increased from day 90 to 153 during
the period of high productivity and subsequently decreased. Dinoflagellate fatty acid biomarker
(22:6(n-3)) contributions in the sediments were relatively constant over the first few sampling days
when cell abundance was low (Figure 4.18B). The period of highest percent contribution of 22:6(n-
3) in SPM was also the period for the lowest percent contribution of dinoflagellate biomarkers in









































































Figure 4.19: Mean ± SD seasonal carbohydrate (CHO) concentrations in suspended particu-
late material (SPM) above and below the pycnocline (a; µg ml−1), sediment trap and sediment
material (b; mg g dry weight −1)
Carbohydrate concentrations varied considerably over the sampling season in SPM above and be-
low the pycnocline (Figure 4.19a). There was a significant positive correlation between carbohy-
drate concentration and phytoplankton cell abundance (Pearson’s Correlation Coefficient, r=0.62,
df=8, P=0.05). The initial peak in SPM carbohydrate concentrations above the pycnocline on day
90 (0.16 µg ml−1) corresponded to peak phytoplankton cell abundance (Chapter 2, Figure 2.13).
Concentrations then decreased until a secondary peak around day 200 (0.21 µg ml−1). For the
majority of the year, carbohydrate concentrations were higher in SPM above the pycnocline than
below.
Concentrations of carbohydrate in sediment trap material followed the same initial trend as SPM.
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Initial concentrations of carbohydrates were high (22.6 mg g dry wt. −1), and subsequently de-
creased in line with SPM carbohydrate concentrations. A secondary peak in sediment trap car-
bohydrate concentration, which occurred earlier than the SPM secondary peak, was reached on
day 188 (19.8 mg g dry wt.−1; Figure 4.19b). Following this peak, carbohydrate concentrations
fluctuated for the remaining sample dates.
Sediment carbohydrate concentrations were lower than that in the sediment traps, reaching a max-
imum of 8.5 mg g dry wt.−1 (Figure 4.19b). Sediment concentrations displayed opposing trends
from day 90 to 187 compared to sediment trap material. After which carbohydrate concentration
in sediment trap material and sediments followed similar trends.
4.3.5 Lithogenic tracer elements
Concentrations of particulate Al and Mn are good indicators of lithogenic elements derived from
riverine inputs, atmospheric fall out, and sediment resuspension (Price et al., 1999). Seasonal
trends of Al and Mn were similar and concentrations generally increased from SPM above the
pycnocline, to 20 m sediment traps, and finally SPM at 45 m (Figure 4.20A & B). Both Al and
Mn concentrations in SPM sampled at 45 m decreased on day 152 to concentrations lower than
SPM above the pycnocline and sediment trap samples. There was a general increase in Al and Mn
concentrations from spring to a maximum during late summer in SPM above the pycnocline (Al
0.06, Mn 0.003 mg L−1), sediment trap (Al 0.08, Mn 0.003 mg L−1), and SPM at 45 m samples
(Al 0.13, Mn 0.004 mg L−1).
4.3.6 Principle component analysis of particulate material at sequential stages of
transport
PCA was used as a tool to quantitatively assess the biochemical composition variation between
water column, sediment trap, and sediment samples. Each point on Figure 4.21A represents dif-
ferent sampling dates for the four sample types. PC1 explained 29.9 % of the variance of the
data, and component 2 accounted for 15.2 % giving a total of 45.1 % explained from these two
axes. PCA results show sediment material was compositionally different to SPM and sediment
trap material. Additionally, Figure 4.21A shows the composition of all sample types varied over
the sampling dates. Composition of sediment trap material was most similar to SPM below and
then above the pycnocline.
PC1 was responsible for the separation of sediment from SPM and sediment trap samples. Key
drivers of this separation include the percentage of fatty acid contribution to total organic carbon
(%FA-OC) which was higher in SPM and sediment trap samples relative to sediments. Addition-
ally diatom biomarkers (16:4(n-1)) and diatom intracellular amino acids (PHE, ILEU, LEU, GLU)
were more associated with SPM and sediment trap material (positive PC1 values) than sediment
(Figure 4.21B). Conversely, amino acid degradation indicators (GABA, BALA, GLY, ORN) had
a higher percentage composition in sediment samples, resulting in the separation of sediments to
the other sample types. Both ASP and GLU had higher percent compositions in SPM and sedi-































SPM above Sediment trap 45 m
Figure 4.20: (A) Seasonal particulate Al concentrations (mg L−1), and (B) seasonal particulate
Mn concentrations (mg L−1 ) in suspended particulate material above the pycnocline (SPM
above), sediment trap, and suspended particulate material at near sea floor depth (45 m) samples
enriched in sediments. Additionally, the bacterial fatty acid indicator 18:1(n-7) had the highest
percent composition in sediment samples. Refractory amino acids associated with diatom cell
wall material (THR, GLY, SER) had higher percent composition in sediment samples. The per-
centage of organic carbon represented as carbohydrates (%CHO-OC) was not a key parameter in
explaining the compositional differences between sample types.
PC2 was the main driver of differences between SPM above, SPM below the pycnocline, and sed-
iment trap samples. The principle cause for this separation is fatty acid compositional differences
between sediment trap material and SPM from above and below the pycnocline. PUFAs (e.g.
20:5(n-3), 20:4(n-6), 22:6(n-3), 18:4(n-3)) were more associated with SPM, and decreased in rel-
ative abundance from SPM above, to SPM below the pycnocline, to lowest relative abundances
in sediment trap material. Additionally, SFA (16:0 and 18:0) had a higher relative contribution
to sediment trap material when compared to SPM. There was also a transitional decrease in the
percentage contribution of amino acids to organic carbon (%AA-OC) from higher relative contri-
butions in SPM above, to SPM below the pycnocline, to lowest percent contributions in sediment
trap samples.
Overall, PCA analysis highlights the compositional differences between SPM and sediment trap
material compared to sediments. SPM and sediment trap material were more associated with di-
atom fatty acid biomarkers and diatom intracellular amino acids when compared to sediments.
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Figure 4.21: (A) PCA ordination of standardised mole percentage amino acids and percentage
contribution of individual fatty acid to suspended particulate material (SPM) above and below
the pycnocline, sediment trap and sediment samples. (B) PCA loading plot of amino acids (blue)
and individual fatty acids (red). Percentage contribution of carbohydrate (yellow, %CHO-OC),
amino acids (%AA-OC), and fatty acids (%FA-OC) to total organic carbon is also shown
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Degradation, diatom cell wall, and bacterial indicators were most associated with sediments rel-
ative to SPM and sediment trap samples. The differences observed in SPM above, SPM below
the pycnocline, and sediment trap material was driven by different fatty acid compositions, and
proportion of organic carbon accounted for as amino acids.
4.3.7 Fluxes of particulate material
Bulk PM, organic carbon (OC), and nitrogen (N) fluxes followed similar seasonal trends with high
fluxes on the first two sample dates (Figure 4.22A), which corresponded to peak phytoplankton
abundance (Chapter 2, Figure 2.13). Low fluxes were observed on day 138, that coincided with
low phytoplankton abundance. Subsequently bulk, OC, and N fluxes increased over the remainder
of spring and summer months, with lower flux observed in winter. High bulk flux observed from
June (day 188) to September (day 258; Figure 4.22A) coincided with the period of highest monthly
rainfall (Figure 4.23). Fluxes of bulk PM ranged from a high of 13.7 to a low of 1.7 g m2 d−1.
Organic carbon and nitrogen fluxes into sediment traps ranged from 0.04 to 1.3 and 0.01 to 0.2 g
m2 d−1 respectively. The secondary peak of OC flux (0.7 g OC m2 d−1 ± 0.05 SD) did not reach
levels observed during the phytoplankton spring bloom (1.0 g OC m2 d−1 ± 0.4 SD) unlike bulk
flux, in which primary (12.2 g m2 d−1) and secondary (13.7 g m2 d−1) flux peaks were of similar
levels.
Concentrations of amino acids, carbohydrates, and fatty acids measured in sediment trap samples
were used to calculate total fluxes of each biochemical (Figure 4.22B). Amino acids had the high-
est initial flux of 435.9 mg m2 d−1, which subsequently decreased for the remainder of the year
with a minimum of 69.5 mg m2 d−1 ± 79.2 SD (Figure 4.22B). Fluxes of carbohydrates were
initially high, decreased until late spring, and after which increased to values similar to those of
amino acids and fatty acids (flux range 27.4 to 276.4 mg m2 d−1). Fluxes of fatty acids were
substantially lower than those of amino acids or carbohydrates, ranging from 4.5 to 31.9 mg m2
d−1 (Figure 4.22B).
Microscopic analysis of sediment trap material was used to further identify the seasonal differ-
ences in composition (Figure 4.24). A large proportion of the aggregated PM was unidentifiable.
In addition, long chain lengths of chain forming diatoms such as Skeletonema spp. (day 258 B),
Thalassiosira spp. (day 229 A), Pseudo-nitzschia spp. (day 188 B), and Guardinia spp. (day 229
C) were found. It was also observed that solitary cells of Pleurosigma spp. (e.g. day 98 A, day 138
B, day 229 B, day 258 A) were common in sediment trap samples throughout the sampling year.
Images also show changes in density and size of particles throughout the year with larger particles
(day 98 A to C) found during high flux periods early in the year (Figure 4.22A). Particle sizes
tended to be smaller but in higher densities during high flux periods later in the year (e.g. days
188, 229, 258 A to C). There was a lower density of particles found during the last two sample













































































































Figure 4.22: Mean ± SD of (A) seasonal fluxes (g m2 d−1) of bulk particulate material, organic
carbon (OC), and nitrogen (N), and (B) Seasonal fluxes (mg m2 d−1) of amino acids (AA),
carbohydrates (CHO), and fatty acids (FA) collected from sediment trap deployed at LY1 for 24
hours






























Figure 4.23: Monthly total rainfall (mm) at Dunstaffnage weather station 2016
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Day 98 A Day 98 B Day 98 C
Day 138 A Day 138 B Day 138 C
Day 188 A Day 188 B Day 188 C
Day 229 A Day 229 B Day 229 C
Day 258 A Day 258 B Day 258 C
Day 285 A Day 285 B Day 285 C
Day 313 A Day 313 B Day 313 C
Figure 4.24: Pictures of sediment trap material containing aggregates and individual phyto-
plankton cells. Day 98 A to C (07/04/16) , day 138 A to C (17/05/16), day 188 A to C (06/07/16),




4.4.1 Sources of organic material
The δ 13C values of SPM show a transition from more positive to more negative values over the
March to November study period suggesting a progressional change in the source of SPM. During
the phytoplankton bloom a higher proportion of marine organic material was observed switching
to a greater relative proportion of terrestrial derived organic material during winter post-bloom
periods. The seasonal range of δ 13C values in the four sample types varied from -20.8 to -25.4
h in SPM from above the pycnocline, -20.1 to -25.5 h in SPM from below the pycnocline, -
19.3 to -23.7 h in sediment trap samples, and -20.8 to -21.5 h in sediments. Carbon isotope
measurements are useful organic matter source indicators and have been suggested to be unaf-
fected by the decomposition of organic matter (Gearing et al., 1984). Hedges et al. (1997) found
that the use of δ 13C as a source indicator can be confounded by the molecular composition of
the organic material. For example, lipids can be classed as being isotopically light in contrast to
amino acids, in which the majority are isotopically heavy (Hedges et al., 1997). Therefore, the
preferential utilisation or accumulation of refractory compounds can affect δ 13C values (Hedges
et al., 1997). In addition to this, phytoplankton δ 13C has been shown to vary over space, time and
a number of other factors such as community composition, carbon dioxide concentration, and nu-
trient availability (Hedges et al., 1988b, 1997; Hansman and Sessions, 2016). Therefore, without
taking seasonal endmember measurements for marine and terrestrial sources specific to the Firth
of Lorne, the use of δ 13C as a source indicator is speculative, as discussed below.
Generally, terrestrial plants have δ 13C values that range from -25 to -28h and marine phytoplank-
ton average -20h (e.g. Emerson and Hedges, 1988; Hedges et al., 1997; Kandasamy and Nath,
2016). However, Hedges et al. (1988b) observed net plankton δ 13C values of -26.0h when mi-
crophytoplankton community composition was dominated by Chaetoceros concavicornis during
summer to early autumn. In contrast, δ 13C values of -19.5 h were observed when Cerataulina
bergonii dominated in April. This highlights how the seasonally changing microphytoplankton
composition can affect δ 13C values. Microphytoplankton community composition at LY1 shifted
between two key diatoms Skeletonema spp. and Chaetoceros (coastal) spp. which dominated the
community composition. The dominant source of terrigenous material into Loch Linnhe (north
of LY1) is peat, which has δ 13C values of approximately -28 h (Overnell and Young, 1995).
This value is more negative than the most negative value observed at LY1. Winter SPM sam-
ples had δ 13C values closest to the cited range of terrestrial organic material. The transition of
SPM to more negative values indicated a change in source material, in which the combination of a
changing microphytoplankton community structure, and an increase in the relative proportions of
terrestrial derived material, could be responsible. Other studies have found a progressive increase
in terrestrial material contribution to sediment trap organic carbon from 10 % during non-winter
months, to 35 % during winter months (Hedges et al., 1988b). For a large proportion of the year,
from summer onwards (day 188), sediment trap material had more positive δ 13C values relative
to more negative values in SPM (Figure 4.15A). This suggests SPM composition had a higher in-
fluence of terrestrial derived material than underlying sediment traps which had a stronger marine
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organic signal. This difference could be due to two reasons; firstly, the lag in time for phyto-
plankton to sink from 3 m to 20 m, or secondly, due to a difference in sedimentation mechanisms
for organic matter of different sources. Studies have found terrestrial organic material containing
highly degraded lignin material to be less dense than seawater and remain in suspension in near
surface waters (Reeves and Preston, 1991; Loh et al., 2008b). Site LY1 receives freshwater outflow
from sea lochs Linnhe, Creran, and Etive, which all have large river catchment areas. Terrestrial
material sourced from these three lochs could converge at site LY1 before being laterally advected
elsewhere and not accounted for in sediment trap material.
Previous studies have found similar SPM δ 13C values in the Firth of Lorne to this study (-24.5
h April 2014, -21.4 h August 2014; Tierney et al., 2017). Sediment trap δ 13C values during
spring were either similar to, or more positive compared to those of SPM. From summer onwards,
sediment trap δ 13C values become more positive with a maximum δ 13C value of -19.3 h, in-
dicating the presence of marine organic material. A sediment trap deployed at the head of Loch
Creran had a yearly mean (December 2001 to December 2002) δ 13C of -21.3h ± 0.5 SD, and a
stronger marine signal than underlying sediments (LC0 -24.7h ± 0.5, LC1 -23.8h ± 0.7; Loh
et al., 2008b). One possibility for the different δ 13C values could be preferential consumption of
marine POM during transition from sediment trap material to sediments. The increase in relative
proportions of terrestrially derived organic matter, relative to the preferential loss of marine or-
ganic matter with increasing diagenetic state through the water column to sediments, is thought
to be a typical dynamic of coastal systems (Hedges et al., 1988a). However, marine POM signals
are still typically found in sediment trap material and sediment samples. A study found sediment
samples (Saanich Inlet) δ 13C values to fall within a typical range of plankton and soil, with a
higher occurrence of values being more similar to plankton (Brown et al., 1972). A further study
found δ 13C values of sediment trap material to be more positive than net plankton values collected
(Hedges et al., 1988b). However, these sediment traps were sampling for one month as opposed
to "snap-shot" phytoplankton samples. In comparison to this, sediments underlying the sediment
trap at LY1 showed little seasonal variation with a yearly average of -21.2 h ± 0.2 SD, which
was relatively similar to sediment trap yearly average of -21.3h ± 1.3 SD (Figure 4.9A). A con-
clusion from the Hedges et al. (1988b) study, which is consistent with this study, is that plankton
influence but do not entirely control isotopic composition of sediment trap samples. This is evident
from the more positive δ 13C values typical of a phytoplankton source, yet high C:N ratios which
indicates the presence of terrestrial material and/ or degradation. Sediment δ 13C values over the
season are similar to the yearly average of sediment trap values. It has been suggested that the
lack of a seasonal record in sediments is driven by low accumulation rates due to lateral advection
of PM, and bioturbation (Sancetta and Calvert, 1988). However, other sediment studies at shallow
(10 to 33 m) sites in Chesapeake Bay observed no seasonal variation in the amount of POM in
sediments, but observed seasonal differences in POM lipid composition (Zimmerman and Canuel,
2001). Resuspension and lateral advection processes can dominate PM distributions at a shallow,
well-mixed coastal site (Hedges et al., 1988a). Differences in the hydrography between sites could
result in whether seasonality is observed in sediment POM measures. These processes could lead
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to sediment focusing, which could explain similarities between sediment trap material and sedi-
ment samples. This was observed at another coastal site in which a major proportion of sediment
trap material was from resuspended or laterally advected PM (Hedges et al., 1988a). Additionally,
a study in Loch Linnhe found that approximately 80 % of sedimentation at the sediment surface
was composed of resuspended material (Overnell and Young, 1995). The dynamic conditions of
LY1 are problematic for representatively sampling PM. However, using a suite of indices to de-
termine the source and degradative state of POM will give an insight into the processes governing
POM distribution at LY1.
Carbon-to-nitrogen ratios are a further indicator of organic matter source and fate in the water
column (e.g. Cowie and Hedges, 1994; Hedges et al., 1997; Loh et al., 2008a). These ratios can
be used as a source indicator to distinguish between marine plankton (C:N ratio 6 to 7), terrestrial
derived vascular plants (C:N ratio >20), soils (C:N ratio 7 to 20), and riverine particulate organic
matter (C:N ratio between 8 to 10; Meybeck, 1982; Emerson and Hedges, 1988; Goñi and Hedges,
1995; Hedges et al., 1997; Hedges and Oades, 1997). The variation in C:N ratio values arise from
compositional differences with vascular plants being characteristically carbon rich, in contrast to
protein rich phytoplankton (Emerson and Hedges, 1988). Preferential utilisation of nitrogen rela-
tive to carbon has the potential to modify C:N ratios, which means that the effects of degradation
can limit their use as source indicators. C:N ratio was on average lowest in SPM below the pycn-
ocline (mean 6.5 ± 0.6 SD) in comparison to slightly higher values in SPM above the pycnocline
(mean 7.0 ± 0.5 SD). Generally, SPM C:N ratios were lowest in spring during highly productive
periods when δ 13C was most positive, and higher towards late summer and winter when δ 13C was
most negative. When δ 13C was most depleted in SPM during winter, SPM C:N ratios reached a
maximum (mean 7.6 ± 1.7 SD) which is in the range of marine plankton, soil and riverine partic-
ulate organic material. The C:N ratios observed in sediment trap material were higher than SPM
(mean 9.4 ± 0.4 SD). During the period of more positive δ 13C values in sediment trap material
(-19.3 to -21.3h) relative to previous and subsequent dates, C:N ratios were also higher (9.3 to
10.3), which could indicate the presence of partially degraded phytodetritus. On the other hand,
given the similar ranges of C:N ratios indicating source, it could also suggest the presence of ter-
restrially derived material. There was little seasonal variation in sediment C:N ratio (mean 9.3
± 0.1 SD), which was similar to sediment trap yearly average. Sediment δ 13C values were also
relatively constant throughout the year (mean -21.2 ± 0.3 SD) and indicated a greater relative pro-
portion of marine organic material. The lack of seasonal variation in sediment C:N, which were
higher relative to SPM, and more positive δ 13C values, indicated the presence of marine derived
organic material, which was subjected to continuous bioturbation and modification processes re-
sulting in higher C:N ratios. A further explanation is that there were different terrigenous inputs
to SPM, relative to traps and sediments, with the latter having a more positive δ 13C signature.
Different sedimentation mechanisms of differently sourced material, coupled with lateral advec-
tion and resuspension processes could explain the differences between SPM with sediment trap
material and sediments, and the similarities between sediment trap material and sediment.
Investigating δ 13C values in relation to other source indicators provides further information on
the sources of organic matter at LY1. Positive correlations between amino acid concentration and
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phytoplankton cell abundance, diatom fatty acid biomarker 16:4 (n-1) and diatom cell abundance,
dinoflagellate fatty acid biomarker 22:6 (n-3) and dinoflagellate cell abundance indicate the impor-
tance of marine derived organic material to the SPM fraction (SPM from above the pycnocline).
Concentrations of lithogenic tracer elements Al and Mn where highest throughout the entire water
column during late summer and winter (Figure 4.20A & B), which corresponded to the period
when SPM δ 13C values were the most negative. There was a negative correlation found between
δ 13C values and Mn concentrations in SPM from above the pycnocline. Relationships between
terrigenous indicators, coupled with high rainfall during the period of high Al and Mn concentra-
tions (Figure 4.23), suggests higher proportions of terrestrially derived material towards the end
of the year, which may have dominated SPM relative to sinking sediment trap material samples.
There was no correlation found between sediment trap source parameters (δ 13C, C:N ratios, and
lithogenic tracer elements). Additionally, higher C:N ratios were related to lower concentrations
of Al and Mn. The lack of correlation found between sediment trap and sediments and source in-
dicators suggests degradation processes could be important in explaining seasonal compositional
variation. Additionally, the lack of correlation between source indicators with sediment trap ma-
terial and sediments could be due to resuspension and lateral advection. These processes could
result in the PM sampled originating from different sources and having a high residence time in
the water column for degradation to alter the biochemical composition.
Isotopic, elemental, and biochemical compositions of organic matter at LY1 suggest that it was
predominantly of mixed marine and terrestrial origin. However the relative contributions of ma-
rine and terrestrial organic matter varied seasonally and with particulate organic material fraction.
A seasonal progression from a greater relative proportion of marine organic material to terrigenous
material was observed in SPM (shown by transition to more negative δ 13C values). More posi-
tive δ 13C values relative to SPM (and lack of correlation between terrigenous indicators) suggest
sediment trap material had a high relative proportion of marine derived organic matter. However,
sediment trap material C:N ratio mean of 9.4 ± 0.4 SD, suggest this material could be a mixture of
phytodetritus and PM from a riverine source. Without marine and terrestrial endmembers specific
to sampling location and period, it is difficult to determine the definite predominance of source
material. Given the relatively high concentrations of lithogenic trace elements in sediment trap
material, and the fact that PM is predominantly composed of inorganic material, it is likely that
sediment trap material is composed mainly of resuspended sediments. Further to seasonal and
fraction type source variations, differences in the elemental, and biochemical compositions of the
different sample types over the season indicate evidence of diagenetic alteration.
4.4.2 Seasonal diagenesis in suspended, sinking, and benthic fractions
In addition to shifts in PM source between fractions and over the sampling season, degradation of
the PM is also important for explaining changes in biochemical composition. The extent of sea-
sonal changes in organic matter biochemical composition varied between the four sample types.
However, seasonal trends between SPM above and below the pycnocline were relatively similar.
The SPM fraction transitioned from fresh, labile organic material to more refractory material dur-
ing the sampling period from March to November. A range of biochemical parameters were used
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to indicate this transition including C:N ratio, DI, %AA-N, individual amino acid and fatty acid
biomarkers. C:N ratios of SPM were lower during spring and early summer (during the period of
high microphytoplankton abundance) relative to later in the year. This could either indicate an in-
creased degradation state between spring and winter or a shift in source material. A shift in source
material is likely, as changes to the relative proportion of marine versus terrestrial material (indi-
cated with δ 13C values) was observed in SPM. Fatty acid biomarker analysis indicated a higher
relative proportion of diatom derived organic material during the spring and summer relative to
the winter (Figure 4.18). Despite this shift in source, there is also evidence for increasing degra-
dation state as indicated by the negative correlation between SPM above the pycnocline DI values
and C:N ratio. The proportion of nitrogen represented by amino acids (% AA-N) and non-protein
amino acids are further indicators of diagenetic alteration (Dauwe and Middelburg, 1998; Carr
et al., 2016). The % AA-N in SPM reached a maximum in spring (68.1 %) and subsequently de-
creased for the rest of the year (Figure 4.15C). Non-protein amino acids are generally less reactive
than protein amino acids resulting in their net accumulation during degradation (Dauwe and Mid-
delburg, 1998). Mole percentages of non-protein amino acids in SPM increased as the year pro-
gressed (Figure 4.15B). Varying seasonal trends were observed with ASP/BALA and GLU/GABA
ratios. However, these ratios are argued to be unreliable as diagenetic indicators due to breakdown
of ASP and GLU not always resulting in production of BALA and GABA, and variability in source
composition can effect the ratios (Cowie and Hedges, 1994; Dauwe and Middelburg, 1998). The
sum of persistent diagenetic by-products BALA and GABA are unambiguous indicators of degra-
dation (Cowie and Hedges, 1994). An increase in % BALA+GABA was observed over the course
of the year into later summer and winter maximums (Table 4.6), and the positive correlation be-
tween % BALA+GABA and C:N ratio indicated more degraded material towards the end of the
year. Given the trends observed from a suite of degradation measures, it seems evident SPM in the
spring is fresher and labile relative to SPM collected during late summer to winter. Degradation
processes and a shift in the relative proportions of source material are suggested to be responsible
for this.
Seasonal variation in sediment trap biochemical composition was observed. Positive δ 13C values
during post-bloom periods suggest the predominance of microphytoplankton sedimenting into
traps after a time delay during transition from surface waters to 20 m (Figure 4.9A). Decrease
in % AA-N was observed in parallel with high C:N ratios and low DI values during the period
from day 187 to day 229. In addition to this, % BALA+GABA was high from day 188 to 284
relative to previous and subsequent dates, which coincided with the period of high C:N ratios.
There was a progressive increase in the relative proportion of SFA, and decrease in PUFA from
spring to winter (Figure 4.17). This trend of increasing SFA relative to decreasing PUFA is a
typical indication of degradation (Najdek et al., 2002). Higher C:N ratios coupled with more
positive δ 13C values, lower DI, and high % BALA+GABA indicated the presence of phytodetritus
in sediment traps (day 187 to 229). The lack of correlation between terrigenous parameters and
without definitive terrestrial endmembers, it is hard to determine the contribution of terrigenous
organic material to sediment trap organic matter. It is likely that terrigenous material, in addition to
phytodetritus, formed a substantial component of sediment trap PM at LY1, and further analysis of
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other parameters is needed. The presence of sediments in trap material is evident on the cellulose
nitrate filters, microscopic pictures of the samples, and high concentrations of lithogenic trace
elements (Figure 4.7 and Figure 4.24). Other studies have found large seasonal variability in the
relative proportions of marine and terrestrial derived organic material in sediment trap samples
deployed in Dabob Bay using a range of parameters including lignin biomarkers (Hedges et al.,
1988b).
In comparison to SPM and sediment trap material, there was little seasonal variation observed in
all of the measured biochemical parameters from sediment samples. Other studies have found a
lack in seasonal changes in biochemical parameters (including protein, carbohydrate, and lipid
analysis) which is suggested to be a result of the dynamic "pulsing" environment (Pusceddu et al.,
1999). The relatively uniform seasonal trends of high C:N, low DI, high % BALA+GABA, low
relative proportions of terrigenous, diatom and dinoflagellate fatty acid biomarkers are consistent
with continuous bioturbation of the surface sediment. The frequency of sampling in this study
could have missed the deposition of fresh material which could have been quickly reworked by
benthic fauna. Additionally, lateral advection of PM between sediment trap and sea floor depths
could also be responsible for the lack of seasonality in the measured parameters. This could be
because SPM, which displays seasonal trends in composition, is not efficiently transferred and in-
corporated into the underlying sediments. DI values of less than -0.30 are said to be representative
of refractory material (Carr et al., 2016) however this is dependent on location and source input.
LY1 sediments yearly DI average was -0.23 ± 0.08 SD and only on two occasions was DI greater
than -0.30. There was a greater relative proportion of PUFA in sediments during the spring in
contrast to summer and winter, which could be sourced from the high phytoplankton abundance in
overlying water column during spring. A study found an increase in oxygen consumption rates in
surface sediment samples during and after the phytoplankton bloom (Hicks et al., 2017). This sug-
gests high remineralisation and grazing rates of reactive organic matter (e.g. PUFAs) that reaches
the sea floor during the bloom period.
This study further indicates that seasonality is significant in affecting the biochemical composition
of organic matter, which ultimately determines its reactivity, and subsequent cycling in the water
column or benthic interface. High seasonal variability in biochemical composition was observed
in SPM and sediment trap material as shown in other studies (e.g. Hedges et al., 1988b; Cripps
and Clarke, 1998). In contrast, the lack of seasonal variability of biochemical parameters observed
in sediments at LY1, has also been reported in other shallow coastal sites (Pusceddu et al., 1999).
Finally, this lack of seasonal variation in all of the source parameters in sediment samples, suggests
continuously re-worked surface sediments, and/or inefficient transport of SPM vertically to the
seafloor.
4.4.3 Diagenesis at sequential stages of transport
Clear differences in the biochemical composition of each of the sample types at different stages
of transport was observed. Overall TOC, TN, AA, TFA, and CHO concentrations generally de-
creased during transition from SPM to sediments (Table 4.4 and 4.5). This follows the trend of
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decreasing POM availability during its transition through the water column to the seafloor, as a
result of remineralisation (e.g. Lampitt, 1992; Buesseler and Boyd, 2009; Sanders et al., 2014).
Percentage contributions of the biochemical classes AA, TFA, CHO to TOC also follow this trend
and decreased from SPM to sediment trap material (except anomaly on day 313; Figure 4.17).
The contribution of the three biochemical classes to TOC displayed different trends dependent on
class between sediment trap and sediment samples (Figure 4.17). Sediments contained less TOC
(yearly average 14.3 mg g−1 ± 4.7 SD) than sediment trap material (yearly average 44.2 mg g−1
± 19.0 SD), yet the proportion of amino acid carbon that contributed to TOC was slightly higher
(sediment trap yearly average % AA-OC 9.3 % ± 5.5 SD, sediment yearly average % AA-OC
14.1 & ± 2.2 SD). The higher proportion of amino acids could be a result of meiofauna present
in the sediment samples. Typically, % AA-OC has been observed to decrease with depth and
sedimentation due to the labile nature of AA (Lee and Cronin, 1984; Cowie and Hedges, 1992b).
However, other studies have found a higher contribution of % AA-OC in sediments relative to
overlying traps (Lee et al., 2000). The yearly average of carbohydrate carbon contribution to TOC
(% CHO-OC) in sediment trap material (11.6 % CHO-OC ± 2.7 SD) was lower relative to sedi-
ments (17.6 % CHO-OC ± 1.6 SD). The only biochemical class to show a substantial reduction in
its contribution to TOC between sediment traps and sediments was fatty acids (sediment trap 4.6
% TFA-OC ± 3.3 SD, sediment 0.2 % TFA-OC ± 0.1 SD). Fatty acid concentrations in sediments
were between 0.2 to 2.9 % of the concentration of sinking sediment trap material, which is similar
reduction found in other studies (Budge and Parrish, 1998).
The biochemical composition of organic material at sequential stages of transport was different as
shown by PCA analysis (Figure 4.21). Other studies have used PCA for comparison of multiple
biochemical classes (e.g. Sheridan et al., 2002; Ingalls et al., 2006), or with only amino acids and
defined the first principle component as a degradation indicator (Dauwe and Middelburg, 1998;
Dauwe et al., 1999). In this study, a clear separation of sediments relative to SPM and sediment
trap material was observed and driven by PC1. Specific amino acids (ILEU, GLU, LEU) had
large positive loadings on PC1 (Figure 4.21B). These intracellular amino acids are among the
most labile compounds in plankton (Wakeham and Lee, 1993), and were most associated with
fresh SPM. Generally, intracellular amino acids were higher in SPM and sediment trap material
compared to sediments (Figure 4.13A to D). This is also seen in the PCA analysis, as loadings of
ILEU, GLU, LEU decrease as samples transition from SPM, to sediment trap material, and then
finally sediments. Low proportions of GLU and LEU were observed in sediments in compari-
son to sediment trap material as shown in other studies (Cowie and Hedges, 1992b). GLY, SER,
and THR are protein-silica complexes in diatom cell walls and tend to accumulate during degra-
dation as more reactive amino acids are preferentially consumed (Lee et al., 2000; Ingalls et al.,
2003). GLY and non-protein amino acids (GABA, ORN, and BALA) had large negative loadings
on PC1 (Figure 4.21B), which were associated with degraded sediment samples relative to more
labile sediment trap and SPM. This trend of increasing GLY and non-protein amino acids in sedi-
ment, relative to sediment trap material, has been observed in other coastal study sites (Cowie and
Hedges, 1992b). Mole percentages of GLY were relatively similar in SPM and sediment trap sam-
ples when compared to the much higher relative abundances found in sediments (Figure 4.14A).
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Another study observed high values of GLY in sediments relative to other selectively degraded
amino acids (Cowie and Hedges, 1992b). Further studies at deeper study sites (approximately
5000 m), have seen clear increases of GLY with increasing depth and maximum relative abun-
dances found in sediments (Lee and Cronin, 1984; Lee et al., 2000). Generally SPM, and to a
lesser extent sediment trap material, had positive scores associated with high positive loadings of
biochemical compounds indicative of freshness (e.g. intracellular amino acids and PUFAs). The
PCA analysis provided good visual representation of how biochemical composition changed with
POM fraction, and which key compounds were responsible for differences between sample type.
Fatty acids are well known as degradation indicators due to their selective removal relative to
other biochemical compounds (e.g. Reemtsma et al., 1990; Fileman et al., 1998; Parrish et al.,
2005). Fatty acid compositions in sediment samples were vastly different to SPM and sediment
trap samples. MUFAs (20:1(n-7), 18:1(n-7), and 16:1(n-7)) and SFA (20:0) dominated the total
fatty acid composition of sediments (Figures 4.17 & 4.21B). Dominance of MUFA and SFA over
PUFA has been recognised in highly degraded aggregates and sediment material (e.g. Fileman
et al., 1998; Budge et al., 2001; Najdek et al., 2002; Parrish et al., 2005). A positive correlation
between DI and PUFA in SPM from above the pycnocline was found, with higher PUFA percent
composition corresponding to higher DI values. PUFAs were present in sediment however their
composition was dominated by 20:4(n-3), which was different to the mixed assemblage of PUFAs
dominating SPM fraction. A further study found sedimentary lipid compositions to be different
from water column SPM which were enriched in branched and SFA (Wakeham et al., 1997a). The
surprising lack of branched and long chain fatty acids observed in this study could be a result of
the small sample quantities available for analysis. Despite a substantially lower %FA-OC found
in sediments relative to sediment trap material, percent composition of PUFA in sediments was
often similar to or higher than percentage composition in sediment trap material. This deviates
from the expected trend of lower relative proportion of PUFAs to total fatty acids in sediments,
relative to water column samples due to their reactivity (Wakeham et al., 1997a; Fileman et al.,
1998; Budge et al., 2001). This could be a result of the presence of meiofauna contributing to the
sediment fatty acid budget. However, other studies at relatively shallow coastal sites have found
higher concentrations of PUFA in sediments relative to deeper sites (Budge et al., 2001). The
shallow water column, and potentially short residence time of the lipid material in the shallow
water column, could be predicted to enable the transfer of a higher proportion of PUFA to the
sediment intact. Niggemann and Schubert (2006) found that water column depth was important
in determining the concentrations of total fatty acids in sediments. Highest concentrations were
found at shallow sites and were attributed to a reduced water column degradation period. On the
other hand, sediment resuspension and lateral advection could be responsible for the similarities
in the PUFA relative proportions observed between trap material and sediments. However, PCA
analysis shows despite the similar relative proportions of PUFA in sediment and sediment trap
material, the composition was vastly different. This could be a result of differences in grazing or
remineralisation processes in the water column versus the benthos.
There were also clear biochemical differences observed between SPM and sediment trap material
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which was driven by PC2 and predominantly fatty acid composition (Figure 4.21). For the major-
ity of the year, PUFA percent composition of total fatty acids was highest in SPM from above the
pycnocline, followed by SPM below the pycnocline, and lowest in sediment trap material (Figure
4.17). This is also shown in the PCA analysis where SPM has the highest loadings of PUFA (e.g.
20:5(n-3), 22:6(n-3), 18:4(n-3), 16:4(n-1)). In contrast to SPM, sediment trap material total fatty
acid composition was primarily composed of SFA (Figure 4.17), in which 16:0 and 18:0 predomi-
nated (Figure 4.21B). The dominance of SFA to total fatty acids in sediment trap material is typical
of more degraded material as previously discussed. This trend is also observed in other studies
with proportions of PUFA decreasing from SPM to trap samples, and differences in composition
between SPM versus sediments, with MUFA and SFA predominating in sediments (Budge et al.,
2001; Parrish et al., 2005).
Further indices not included in the PCA analysis that suggest increasing diagenetic alteration with
depth include %AA-N and DI. There was no correlation between %AA-N and DI in any of the
sample types. However, the relationship between %AA-N and degradation state is recognised
(e.g. Cowie and Hedges, 1994; Carr et al., 2016). Sediment trap %AA-N was similar to SPM on
the first and last sample date but otherwise much lower (Figure 4.15C). The converse relationship
between SPM and sediment trap material of lower %AA-N coupled with higher C:N ratios, higher
proportion of SFA relative to PUFA in sediment trap material, indicates a more degraded state of
organic material in sediment traps in comparison to SPM. Excluding the first two sample dates,
%AA-N was higher in sediments relative sediment trap material. In contrast to SPM and sediment
trap material, there was little seasonal variation in sediment % AA-N which could be a result
of continuous bioturbation of the surface sediment and physical water column processes such as
resuspension. As a result of the seasonal decrease in %AA-N observed in SPM and sediment trap
material, and the relatively yearly constant of %AA-N in sediments, toward the end of summer
(post day 228) percentage compositions of %AA-N became similar in SPM and sediment samples
(Figure 4.15C).
Other degradation indicators such as GLU/GABA and ASP/BALA ratios showed varying trends
down the water column (Table 4.6). ASP/BALA ratios were higher in SPM than sediments for the
majority of sample dates, however sediment trap material values were often higher than those for
SPM. GLU/GABA ratios generally followed expected trend of decreasing ratios down the water
column. However, as previously discussed, GLU/GABA and ASP/BALA ratios may not be the
best indices of degradation. Studies in the Peruvian upwelling region found increasing BALA
concentrations with depth but ASP/BALA ratios to vary seasonally and not necessarily increasing
with depth (Ittekkot et al., 1984). SPM and sediment trap % BALA + GABA followed similar
seasonal trends with low mole percentages in spring, increasing into summer (Figure 4.6). Mid-
summer % BALA + GABA in SPM was higher than in sediment trap material. This suggests
SPM was more degraded than sediment trap material during this period, however this is not shown
in any of the other degradation indices (e.g. DI, %AA-N, C:N). Sediment % BALA + GABA
was substantially higher than the other sample types for the whole sampling period. Additionally,
sediment samples were more enriched in non-protein amino acids relative to the other sample
types with an yearly average of 2.91 mole % ± 0.27 SD (Figure 4.15B).
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Analysis of the suite of biochemical indicators demonstrated that there were diagenetic differences
between POM at sequential stages of transport. However, predicting the fate of organic material
can be difficult due to its chemical complexity, range of sources, varying reactivities, and the fact
that degradation processes of one organic matter type is likely to be different to others (Goñi and
Hedges, 1995). The results show clear diagenetic differences between the SPM, sinking sediment
trap, and sediment fractions. These differences are driven by the relative proportions of reactive
fatty acids and amino acids which generally decrease in relative abundance with depth (except
%AA-N between sediment trap to sediments). PCA analysis highlights the complex interaction
between individual amino acids and fatty acids which explain the compositional variation between
the different POM fractions. These biochemical differences between sample types have implica-
tions for determining the quality of POM at different stages of transport in the water column.
4.4.4 Flux
Bulk, OC, and N flux measured in the nine individual sediment trap deployments during 2016
displayed similar temporal trends with an initial maximum during spring coinciding with the phy-
toplankton spring bloom, and a secondary maximum in September (day 258; Figure 4.22A).
The seasonally averaged particulate material bulk flux at LY1 was 8.19 g m2 d−1 ± 4.16 SD. The
same sediment traps used in this study had previously been placed at the head of Loch Creran
(trap at 10 m in 37 m water column), and recorded averaged bulk flux of particulate material
from monthly deployments of 11.11 g m2 d−1 ± 8.66 SD (Loh et al., 2010). The environmental
conditions of this study’s coastal site and the Loh et al. (2010) loch site were vastly different
(dynamic, well mixed coastal site of LY1 versus semi-enclosed head of Loch Creran site), and
bulk fluxes determined in this study were at the lower end of the range of the Loch Creran study
(Loh et al., 2010). Other studies in Loch Linnhe recorded bulk fluxes of 12.40 g m2 d−1 from
sediment traps at 20 m depth in a 120 m water column (Overnell and Young, 1995). Comparisons
to other studies in locations relatively near to LY1 show higher fluxes were observed in semi-
enclosed environments (Loch Creran and Linnhe), relative to the open and dynamic LY1 study
site. Lateral advection of PM could be responsible for the lower fluxes observed in LY1 traps.
Seasonal trends of bulk flux were, in general, closely related to monthly total rainfall measured at
Dunstaffnage weather station (Figures 4.22A and 4.23). Bulk flux was high on the initial two sam-
pling dates (12.21 and 7.37 g m2 d−1 respectively) when rainfall was low (93.2 mm), suggesting
that flux in this period was driven by phytoplankton biomass (which was at a seasonal maximum).
Bulk flux then reached a yearly minimum (day 138, 1.68 g m2 d−1) when phytoplankton cell abun-
dance had also decreased and rainfall was low (64.8 mm). Subsequently, bulk flux increased over
summer and winter in line with increased rainfall and Al and Mn concentrations, which indicated
an increase in terrigenous inputs during this period (Figure 4.20).
During the initial peak of bulk flux, OC and N flux was also at a maximum (0.99 g OC m2 d−1,
1.16 g N m2 d−1) coinciding with the spring bloom. The secondary peak of bulk flux reached
similar levels to the first in contrast to OC flux, where secondary peaks were not as high as peak
fluxes observed during the bloom. Secondary peaks of bulk fluxes during summer and winter were
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sustained by high rainfall and terrestrial run off. High densities of material were collected during
high flux periods on days 91, 98, 188, 215, and 258 (Figure 4.7). Secondary peaks of OC flux
on days 188 and 258 follow late spring and summer increases in diatom and dinoflagellate cell
abundances. At site LY1 the yearly average OC flux was 0.40 g OC m2 d−1 ± 0.31 SD, which
is comparable to nearby studies at the head of Loch Creran 0.67 g OC m2 d−1 (Loh et al., 2010),
Loch Linnhe 0.44 g OC m2 d−1 (Overnell and Young, 1995), and higher than Loch Etive 0.025
g OC m2 d−1 (Ansell, 1974). Determining PM flux, and its biochemical composition is key for
determining the quantity and quality of organic matter that fuels benthic food webs.
Fluxes of AA, CHO, TFA followed similar seasonal trends to bulk, OC, and N fluxes (Figure 4.22).
Yearly averaged AA fluxes were highest 168.28 mg AA m2 d−1 ± 120.10 SD when compared to
CHO and TFA which averaged 127.22 mg CHO m2 d−1 ± 90.50 SD, and 14.06 mg TFA m2 d−1
± 10.05 SD respectively. These fluxes were comparable to other studies which found mean TFA
fluxes of 8.8 mg TFA m2 d−1 ± 7.4 SD (Budge and Parrish, 1998), and the maximum AA flux at
site LY1 during the spring bloom (435 mg AA m2 d−1) was similar to fluxes found in productive
surface waters of the central equatorial Pacific (approximately 400 mg AA m2 d−1; Lee et al.,
2000).
In summary, the initial peak in flux was driven by microphytoplankton abundance due to maximum
fluxes occurring at the same time as the bloom and high OC fluxes. Secondary periods of high flux
were driven by rainfall and terrestrial run off. This suggests the relative abundance of terrigenous
material that is incorporated with marine PM, predominates during periods of high rainfall. Further
evidence of this is shown with other indicators e.g. Al and Mn concentrations and δ 13C values.
4.5 Conclusions
The results from this study demonstrate the difference in biogeochemical composition of PM
fractions at sequential stages of transport in the water column. Key conclusions include:
1. The source of POM in the surface waters of LY1 is likely to be mixture of marine and
terrestrial derived organic matter. A seasonal progression from a greater relative propor-
tion of marine to terrigenous organic material was observed in SPM fractions (indicated
by transition to more negative δ 13C values, and correlation with lithogenic tracer elements
and terrigenous fatty acid biomarkers). More positive δ 13C values observed in sediment
traps, coupled with high C:N ratios and other degradation indicators, and the lack of cor-
relation with terrigenous organic matter indicators, suggests the presence of phytodetritus.
However, the reported range of sediment trap material C:N ratio (mean 9.4 ± 0.4 SD) falls
within values typical of a riverine source (C:N ratio 8 to 10; Meybeck, 1982). Additionally,
seasonal flux patterns indicate the importance of rainfall and terrestrial inputs into sediment
traps, which drive high fluxes between July to September. Therefore δ 13C and C:N val-
ues indicate sediment trap material is likely to be a mix of marine and terrestrially derived
POM. Sediment samples δ 13C values did not vary seasonally and were similar to the yearly
average of sediment trap δ 13C values. The similarity observed between trap material and
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sediments suggests resuspension plays an important role in POM dynamics at LY1.
2. Compositional differences were observed between POM at sequential stages of transport.
SPM was the most labile fraction in comparison to sediment trap and sediments at LY1.
Higher concentrations of molecular biomarkers (AA, TFA, CHO), lower C:N ratios, higher
DI, high percentage composition of PUFAs, and high % AA-N were evidence of this. Sed-
iment trap material was compositionally more similar to SPM than sediments as shown by
the PCA analysis. Compositional differences between SPM and sediment trap material were
driven by fatty acid composition. There was a higher relative proportion of PUFAs in SPM
compared to sediment trap material, which was dominated by SFA. At a molecular-level,
sediments were compositionally distinct from SPM and sediment trap material. They were
more degraded relative to the other fractions with higher DI, non-protein amino acids, cell
wall associated amino acids, and fatty acid bacterial indicators. Labile, intracellular amino
acids were more associated with SPM and sediment trap material when compared to sed-
iments as shown by the PCA analysis. Although sediments still contained labile PUFAs,
TFA concentrations were between 0.2 to 2.9 % of sediment trap material.
3. More positive δ 13C values in sediment trap material relative to SPM, further suggest a higher
proportion of terrigenous organic material in suspended rather than sinking fractions. This
difference could be a result of different sedimentation mechanisms of different source ma-
terials. Slow sinking, suspended particles have a higher terrestrial organic material signal,
when compared to faster sinking PM collected in sediment traps. Inorganic terrestrial ma-
terial was shown to be an important component of the faster sinking sediment trap material
(as shown by the lithogenic tracer element analysis). This inorganic component can act as a
ballast to enhance sedimentation rates, and as sorptive protection of organic material from
degradation.
4. The absence of seasonality observed in all of the sediment parameters could be due a range
of factors. Firstly, low accumulation rates as a result of laterally advected PM between
sediment trap depths and the seafloor. Secondly, bioturbation processes could quickly re-
work freshly sedimented material and further change its biochemical composition. Thirdly,
resuspension of sediment in a shallow, coastal environment could be responsible for the lack
of seasonal variation observed in sediments. Sediments provide time-averaged samples in
which short-term variability of source and composition can be lost.
5. Biogeochemical compositional changes over time and depth demonstrate the range of re-
activities among individual biomarker compounds. This study demonstrates that seasonal
investigations are essential to aid understanding of the complex and continuously chang-
ing biochemistry of POM. In a shallow coastal environment, it is unlikely that POM will
be vertically transported to the seafloor. The high energy environment encourages lateral
advection and resuspension on PM, which can affect the representative sampling of PM
fraction. Finally, a suite of specific molecular-level and biomarker analyses are essential to
help fathom POM sources and degradation processes.
Chapter 5
Determining the reactivity of the suspended
versus sinking fraction of particulate organic
material
5.1 Introduction
Remineralisation depth of particulate organic material (POM) is dependent on the balance between
POM sinking velocities and their remineralisation rate (Ploug et al., 2008a; Kwon et al., 2009).
In turn, this is dependent on POM reactivity and numerous other factors including heterotrophic
consumption, microbial colonisation, and physical environment conditions. As mentioned previ-
ously, POM is heterogeneous in nature originating from marine and terrestrial sources, in which
an inorganic component is associated with the organic fraction of the particulate material (PM).
The reactivity of POM is important in predicting its fate in the water column. In this study reac-
tivity is defined as the rate at which POM is respired and broken down into organic and inorganic
material. During this degradation, oxygen (O2) is consumed directly or indirectly, and can be
used to trace biological activity (Glud, 2008). Fresh, labile, and biologically reactive POM is
more likely to be readily respired into inorganic material (remineralisation), when compared to
degraded, refractory material, which is more likely to be preserved to depth (Giering et al., 2014).
The depth at which POM is remineralised is significant as it affects global air-sea carbon diox-
ide balance, global oceanic distribution of many elements, and food supply to the benthos (Kwon
et al., 2009; McDonnell et al., 2015). Additionally, the export of POM drives the biological carbon
pump (BCP), in which approximately 1 to 40 % of photosynthetically fixed carbon is exported to
depth, where remineralisation rates are considerably slower than in surface waters (Herndl and
Reinthaler, 2013; Iversen and Ploug, 2013).
Size, shape, and density of PM are key determinants of whether PM is classified into the sus-
pended particulate material (SPM), or sinking fraction. These factors affect the sinking velocity
of PM, and residence time in the water column, which play a significant role in particulate rem-
ineralisation efficiency. Further factors that affect PM sinking velocity and therefore water column
residence time include biogeochemical composition, addition of ballast material, aggregation and
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disaggregation (Smayda, 1970; Goutx et al., 2007; Bach et al., 2016). Additionally, the com-
position of PM in a coastal setting will vary seasonally, with typically higher relative inputs of
terrigenous material towards the end of summer and winter (Hedges et al., 1988b). This material
can include lithogenic elements which will affect PM sinking velocities and reactivity. Particles
with higher residence times in surface waters, i.e. SPM, are subjected to higher remineralisation
rates as a result of longer exposure to bacterial and heterotrophic grazers (Goutx et al., 2007).
There is a wide spectrum of PM present in the water column having different compositions and
contributions to carbon export. Enhancing the understanding of the reactivity of suspended versus
sinking classes of PM, would provide valuable information on their fate in the water column.
Biochemical composition is a key determinant of POM reactivity, and numerous biochemical in-
dicators have been used as relative estimates of reactivity including C:N ratio, selected lipid, pig-
ments, lignins, proteins, and carbohydrates (e.g. Cowie et al., 1992; Cowie and Hedges, 1994;
Niggemann and Schubert, 2006; Goutx et al., 2007). The composition of PM can change sub-
stantially over a season in response to changing microphytoplankton community composition, and
seasonally dependent terrigenous inputs. The organic-rich nature of POM in coastal environments,
means that the majority is remineralised in the water column and suspended sediments (De Haas
et al., 2002). Selective consumption of labile carbohydrates, lipids, and proteins in fresh POM
results in the accumulation of refractory material (Ingalls et al., 2003). This selective consumption
and preservation allows the relative abundances of these compounds to be used to determine the
degradation state of POM (e.g. Wakeham et al., 1997a; Cowie and Hedges, 1992b; Lee et al., 2000;
Ingalls et al., 2003). However, the use of some degradative state indicators in comparison stud-
ies is questionable due to non-uniform distributions, specific degradation pathways, and multiple
sources of compounds (Dauwe and Middelburg, 1998). The use of compounds that are universal
in distribution, and form the majority of POM in marine and terrestrial systems, serve as represen-
tative degradation indices (Cowie and Hedges, 1994; Dauwe and Middelburg, 1998; Niggemann
and Schubert, 2006). The coupling of well-established biogeochemical lability indicators with O2
consumption rates, will determine how organic matter composition affects remineralisation.
Oxygen uptake rates as a tracer for biological activity and organic matter degradation is well es-
tablished. Sediment studies have focused on using the rate of total O2 consumption as a proxy
for the rate of carbon degradation (or reactivity) as O2 is consumed through aerobic respiration
(e.g. Glud, 2008; Hargrave, 1972; Li et al., 2012; Glud et al., 2016; Hicks et al., 2017). These
studies have investigated benthic carbon remineralisation in a range of dynamic settings and over
seasonal cycles. A few studies have investigated carbon-specific respiration rates of suspended
and sediment trap POM (e.g. Iversen et al., 2010; Iversen and Ploug, 2013; Boyd et al., 2015; Mc-
Donnell et al., 2015; Cavan et al., 2017). However, fewer studies have simultaneously measured
biogeochemical composition, and more specifically at a molecular-level (Goutx et al., 2007). No
other studies have investigated seasonal changes between SPM and sediment trap material reac-
tivity, in relation to molecular-level biogeochemical composition in a coastal environment. This
study addresses this knowledge gap, and investigates how the seasonally varying composition of
suspended versus sinking fractions of PM affects its reactivity. The focus of this study is a coastal
5.2. METHODS 141
environment which are significant areas for marine, estuarine, and terrestrial carbon cycling. Ad-
ditionally, PM created in nutrient-rich coastal waters can affect biogeochemical cycles at a global
scale, as PM can be laterally advected to open-ocean systems. The unique coupling of seasonal
reactivity measurements of SPM and sinking PM fractions with molecular-level compositional
analysis, will enhance understanding of organic material cycling in a coastal environment. It will
provide information on compositional changes of PM down the water column from the suspended
and sinking fractions, and associated reactivity. From this information, it is possible to estimate
how the composition of PM, in terms of molecular-level analysis of key components and the rela-
tive proportions of marine and terrigenous material, determines its fate in the water column.
5.1.1 Research objectives
The aim of this study was to examine the difference of PM reactivity between suspended (water
column samples) and sinking (sediment trap material) fractions. An additional aim included sam-
pling SPM from above and below the pycnocline in order to address compositional and reactivity
differences in material across a physical environment gradient. A further aim was to investigate
the seasonal variation in reactivity of PM in the two fraction types. Lastly, a comparison between
the reactivity of sediment trap material collected from a coastal site, to a restricted exchange en-
vironment was aimed to contrast PM reactivity with the physical environment. Specific objectives
included using O2 consumption rates, coupled with other biogeochemical measures of organic
material lability (e.g. carbohydrate concentration, fatty acids, amino acids, and lithogenic tracer
elements), to estimate the reactivity of different fractions of PM. Research questions specific to
this Chapter include:
1. What is the relationship between biogeochemical measures of organic material lability and
reactivity?
2. How does the reactivity of suspended versus sinking particulate material change seasonally?
3. What is the difference in reactivity of material collected from site LY1 in the Firth of Lorne
versus RE5 in Loch Etive?
5.2 Methods
Oxygen consumption rates were used as a proxy to determine the reactivity of SPM and sediment
trap material. SPM was collected from depths from above and below the pycnocline at site LY1.
CTD data were used to determine these depths and Niskin bottles were used to collect seawater.
SPM was stored in Nalgene containers in the dark inside a cool box until they were returned to
the laboratory. Sediment traps were deployed ten times during 2016 at site LY1 (as described in
Chapter 4, Table 4.1), and on eight of these deployments sediment trap material was used for re-
activity determination. Sample dates were split into their respective season for statistical analyses
(Table 5.1). Aliquots of sediment trap material (Chapter 4, Section 4.2.2.2) were used for incu-
bation experiments within four hours of sediment trap recovery. For both SPM and sediment trap
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Figure 5.1: Glass vials containing sediment trap material and PyroScience oxygen optode sensor
spots
samples, the fraction was homogenised and poured into air-tight glass vials (32.39 ml) leaving no
head space. Samples of SPM and sediment trap material were incubated in at least duplicate vials
(and most often five replicates of each sample was used). Glass vials contained pre-calibrated O2
optode sensor spots which were adhered to the vial with silicone based-glue (PyroScience Sensor
Technology; Figure 5.1). Prior to each incubation, sensor spots were calibrated using Pyro Oxygen
Logger one-point calibration (100 % air saturation), and filtered seawater from site LY1 (20 m).
Bare fiber-optic O2 sensors were connected to a multi-purpose O2 meter (FireStingO2) which was
connected to a laptop containing Pyro Oxygen Logger software. Samples were incubated in the
dark for up to 5 hours (dependent on rate of O2 concentration decrease) in a CT room (8◦C) on a
roller table (to ensure constant mixing). An additional vial was used to measure seawater temper-
ature with an external temperature sensor during each O2 measurement. Oxygen concentrations
(mg L−1) were measured at time zero and then approximately every 15 minutes for the first 45
minutes, and then at less regular intervals (due to logistical restraints). Oxygen consumption rate
was calculated as the difference in O2 concentration at time zero and the time point where there
was a 10 % decrease in concentration, divided by time. Rate calculations have focused on this
initial decrease, as is it the most representative period for rate calculations in enclosed settings,
where prolonged incubations can approach anoxia. Studies using sediment have found the initial
decrease in O2 concentration was linear (Glud, 2008; Hicks et al., 2017). The initial 10 % de-
crease observed in this study often fell in between the first two sampling time points, which was
not ideal. Sediment dry weight calculations from other sediment trap fractions on respective dates
were used to calculate the amount of sediment in each of the incubation vials. Additional organic
carbon (OC) concentration measurements from respective sediment trap fractions were used to
calculate the amount of OC in each incubation vial.
Samples from a one-time deployment of sediment traps (100 m) at site RE5 in Loch Etive
(15/06/16) were incubated following the same method as above. The purpose of this was to use
sediment trap O2 consumption rates in a restricted exchange environment, as a comparison to those
observed at LY1.
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Table 5.1: Suspended particulate material (SPM) and sediment trap material collected from LY1
sampling dates used for reactivity experiments
SPM Sediment trap Day
collection recovery date in year Season
- 17/05/2016 138 Spring
- 02/06/2016 154 Spring
05/07/2016 06/07/2016 187/ 188 Summer
01/08/2016 02/08/2016 214/ 215 Summer
16/08/2016 16/08/2016 229 Summer
14/09/2016 14/09/2016 258 Summer
11/10/2016 11/10/2016 285 Winter
08/11/2016 08/11/2016 313 Winter
Methods for the analyses of amino acid (AA) concentration, carbohydrate (CHO) concentration,
total fatty acid (TFA) concentration, degradation index (DI; Dauwe and Middelburg, 1998), bulk
flux, individual amino acids and fatty acids, and lithogenic tracer elements are described in Chapter
4, Section 4.2.3. Data was used from Chapter 4 to investigate the relationship between reactivity
and biochemical composition of PM.
5.2.1 Statistical analysis
Simple linear regression was used to estimate the time point where initial O2 concentrations had
fallen by 10 %. This was then used in O2 consumption rate calculations. Correlation (Pearson’s
Correlation Coefficient) and regression analysis were used to determine the relationship between
reactivity of sediment trap material with other lability parameters. All analyses were carried out
using the statistical programme R and Minitab 17.
5.3 Results
Oxygen concentration decreased with increasing incubation period for all of the SPM and sediment
trap material incubation dates (Figure 5.2, 5.3, & 5.4). The time taken for initial O2 concentra-
tions in SPM incubations at time zero to decrease by approximately 10 %, was faster between
July to August (<60 minutes), compared to September to November sample dates (between 200 to
1400 minutes). Similarly, the first five sample dates (May to August between 10 to 27 minutes) of
the sediment trap material incubations were faster relative to September, October, and November
(between 132 to 415 minutes). Linear regression best described the relationship between O2 con-
centration and time when compared to other regression techniques (polynomial regression). The
relationship between the initial 10 % O2 concentration decrease and incubation period was linear
when compared to later measurements which often plateaued. It was this initial linear decrease,
where R2 was >0.61 for all sample dates (except 11/10/16 SPM below the pycnocline R2=0.46),




































































































y= -0.03706x + 10.159
R2= 0.73
P= 0.23 D) 16/08/16
















y= -0.0007x + 10.085
R2= 0.64
P= 0.03
Figure 5.2: Mean oxygen concentrations (mg L−1) ± SD during incubation experiments with suspended particulate material (SPM) sampled from above the
pycnocline and from sample dates A) 05/07/16, B) 18/07/16, C) 01/08/16, D) 16/08/16, E) 31/08/16, F) 14/09/16, G) 11/10/16, and H) 08/11/16. Linear regression





























































































y= -0.01404x + 9.80
R2= 0.78
P= 0.006 D) 31/08/16




y= -0.0083x + 11.374
R2= 0.81
P= 0.01 F) 11/10/16




y= -0.0006x + 10.018
R2= 0.46
P= 0.04
Figure 5.3: Mean oxygen concentrations (mg L−1) ± SD during incubation experiments with suspended particulate material (SPM) sampled from below the
pycnocline and from sample dates A) 18/07/16, B) 01/08/16, C) 16/08/16, D) 31/08/16, E) 14/09/16, F) 11/10/16, and G) 08/11/16. Linear regression fit data is


































































































y= -0.05084x + 8.69020
R2= 0.88
B) 02/06/16
y= -0.08513x + 10.45
R2= 0.84
C) 06/07/16
y= -0.1246x + 11.325
R2= 0.93
D) 02/08/16
















y= -0.002577x + 9.477979
R2= 0.80
P= 0.03
Figure 5.4: Mean oxygen concentrations (mg L−1) ± SD during incubation experiments with sediment trap material from sample dates A) 17/05/16, B) 02/06/16,
C) 06/07/16, D) 02/08/16, E) 16/08/16, F) 14/09/16, G) 11/10/16, and H) 08/11/16. Linear regression fit data is shown for each sample date.
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O2 consumption rates of SPM from above and below the pycnocline, and sediment trap material
collected from LY1 during 2016 were compared (Figure 5.5). Sediment trap material O2 con-
sumption rate was highest in May (day 138 maximum 2.1 mg O2 mg OC−1 min−1 ± 0.6 SD)
and subsequently decreased for the remainder of the year. The minimum O2 consumption rates of
sediment trap material occurred at the end of summer and during winter reaching minimum values
of 0.03 mg O2 mg OC−1 min−1 ± 0.0 SD. Seasonal O2 consumption rates were not statistically
different between SPM collected from above versus below the pycnocline (Mann-Whitney U-test,
U=1155.0, nSPMabove= 35, nSPMbelow= 36, P= 0.23). The maximum O2 consumption rate of the
suspended fraction occurred below the pycnocline in August (day 214 5.4 mg O2 mg OC−1 min−1
± 0.9 SD). Minimum O2 consumption rates of SPM occurred during winter, with a low of 0.09
mg O2 mg OC−1 min−1 ± 0.0 SD observed on day 285. The SPM fraction O2 consumption rates
were significantly higher during summer sample dates in comparison to sediment trap (ST) ma-
terial (Figure 5.6; Mann-Whitney U-test, U=1786.0, nSPMsummer= 47, nST summer= 17, P= 0.00). In
contrast, there was no significant difference between O2 consumption rates of SPM and sediment
trap material sampled in winter (Mann-Whitney U-test, U=412.0, nSPMwinter= 24, nSTwinter= 10, P=
0.78).
Between spring, summer, and winter sampling dates, O2 consumption rates varied. The SPM
fraction O2 consumption rates were significantly higher in summer (median 2.3 mg O2 mg OC−1
min−1 ± 0.2 SD), when compared to winter (median 0.04 mg O2 mg OC−1 min−1 ± 0.01 SD;
Mann-Whitney U-test, U=2256.0, nSPMsummer= 47, nSPMwinter= 24, P= 0.00). Additionally, there
was a statistically significant difference in sediment trap material O2 consumption rates between
seasons (Figure 5.6), with values being the highest in spring (median 1.7 mg O2 mg OC−1 min−1
± 0.2 SE), followed by summer (median 0.2 mg O2 mg OC−1 min−1 ± 0.0 SE), and lowest in
winter (median 0.1 mg O2 mg OC−1 min−1 ± 0.0 SE; Kruskal-Wallis, H= 18.76, df= 2, nspring=
8, nsummer= 15, nwinter= 10, P= 0.00). Additionally, peaks in SPM O2 consumption rates corre-
sponded to a peak in microphytoplankton cell abundance, and a positive correlation between mi-
crophytoplankton cell abundance and O2 consumption rates was observed (Pearson’s Correlation
Coefficient, r=0.87, P= 0.02).
In order to put O2 consumption rates at LY1 in context with other environments, a reactivity rate
of 0.04 mg O2 mg OC−1 min−1 ± 0.00 SD was measured in sediment trap material collected
from 100 m in Loch Etive (site RE5). This was a one-time deployment on 15/6/2016, and when
compared to O2 consumption rates found at 20 m at LY1 on a similar date (02/06/2016, 0.09
mg O2 mg OC−1 min−1 ± 0.03 SD), reactivity was approximately 2.3 times lower in Loch Etive
relative to LY1.
Correlation analyses were used to identify relationships between O2 consumption rates and bio-
chemical composition (Table 5.2). Additionally, well-known diagenetic indicators were included
in the correlation analysis. Concentrations of the three major biochemical classes were found
to have varying relationships between PM fraction and O2 consumption rates. Positive corre-
lations were observed between CHO concentration and O2 consumption rates in SPM samples
(SPM Above r=0.70, P= 0.00, SPM Below r=0.61, P= 0.00), compared to negative relationships
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Figure 5.5: Seasonal mean ± SD oxygen consumption rates (mg O2 per mg organic carbon (OC)
min−1) of suspended particulate material (SPM) above (n= 6) and below (n= 6) the pycnocline,
and sediment trap material (nday138,154= 4, nday189= 2, nday215,258,285,313= 5, nday229= 3), sampled




















































Figure 5.6: Median ± SE oxygen consumption rates (mg O2 per mg organic carbon (OC) min−1)
of suspended particulate material (SPM) above (n= 6) and below (n= 6) the pycnocline, and
sediment trap material (nday138,154= 4, nday189= 2, nday215,258,285,313= 5, nday229= 3), sampled
from LY1 during spring, summer, and winter seasons in 2016
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in sediment trap material (r=-0.60, P= 0.00). Similar relationships between the percentage of or-
ganic carbon represented as carbohydrates (%CHO-OC) and O2 consumption rates were found as
CHO concentration and O2 consumption rates. In all of the sample types, positive correlations
were found between TFA concentration and O2 consumption rates (SPM Above r=0.58, P= 0.00,
SPM Below r=0.87, P= 0.00, sediment trap material r=0.78, P= 0.00). Weaker correlations were
observed between the percentage of organic carbon represented as fatty acids (%TFA-OC) and
O2 consumption rates of SPM above the pycnocline and sediment trap material. A weak inverse
relationship between %TFA-OC and O2 consumption rates was found in SPM from below the
pycnocline. Conversely, a weak negative correlation was found between %TFA-OC and SPM
below the pycnocline O2 consumption rates. A weak and stronger positive correlation was ob-
served between O2 consumption rates and AA concentration in SPM from below the pycnocline
and sediment trap material respectively.
Further analyses were carried out to identify relationships between POM reactivity with individual
amino acids and fatty acids. Saturated fatty acids (SFA) were found to have negative relationships
with O2 consumption rates across all the sample types (Table 5.2). Both monounsaturated (MUFA)
and polyunsaturated fatty acids (PUFA) were positively correlated with O2 consumption rates in
SPM and sediment trap material. Diatom fatty acid biomarkers (16:4(n-1) and 20:5(n-3)) had
positive relationships with O2 consumption rates and all sample types.
Negative relationships between specific amino acids such as percentage β -alanine (BALA) plus γ-
aminobutyric acid (%BALA+GABA), glycine (GLY), alanine (ALA), BALA, and tyrosine (TYR),
and O2 consumption rate was found in SPM above the pycnocline. Lysine (LYS) was the only
amino acid where there was a positive correlation with SPM above the pycnocline O2 consump-
tion rates. For SPM from below the pycnocline, negative correlations were found between serine
(SER), GLY, threonine (THR), and TYR, and O2 consumption rates. Degradation index (DI), va-
line (VAL), isoleucine (ILEU), leucine (LEU), and LYS were related to positive correlations with
O2 consumption rates in SPM from below the pycnocline. Sediment trap material O2 consumption
rates were negatively correlated to %BALA+GABA, THR, BALA, GABA, and LYS. Conversely,
aspartic acid (ASP), glutamic acid (GLU), methonine (MET), and LEU all had positive correla-
tions with sediment trap material O2 consumption rates.
There was a negative relationship between sediment trap material O2 consumption rates and bulk
flux (r=-0.73, P= 0.00). Lithogenic tracer elements (Al and Mn) had negative relationships with
SPM from above the pycnocline O2 consumption rates. Stronger negative correlations were ob-
served with Mn and O2 consumption rates of SPM from below the pycnocline and sediment trap
material.
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Table 5.2: Correlation (Pearson’s Correlation Coefficient r value) analysis between suspended
particulate material (SPM) above and below the pycnocline, and sediment trap material reac-
tivity and a range of parameters (samples collected from site LY1 during 2016) versus oxygen
consumption rates
SPM Above SPM Below Sediment trap
r P r P r P
Bulk flux - - - - -0.73 0.00
CHO 0.70 0.00 0.61 0.00 -0.60 0.00
%CHO-OC 0.76 0.00 0.92 0.00 -0.32 0.07
Fatty acids
TFA 0.58 0.00 0.87 0.00 0.78 0.00
%TFA-OC 0.53 0.001 -0.19 0.27 0.44 0.01
SFA -0.73 0.00 -0.84 0.00 -0.53 0.002
MUFA 0.73 0.00 0.79 0.00 0.63 0.00
PUFA 0.51 0.002 0.74 0.00 0.38 0.03
16:4(n-1) 0.81 0.00 0.93 0.00 0.88 0.00
20:5(n-3) 0.51 0.002 0.57 0.00 0.58 0.00
22:6(n-3) 0.55 0.001 0.72 0.00 0.03 0.86
Amino acids
AA 0.04 0.85 0.36 0.03 0.90 0.00
%AA-OC 0.02 0.91 0.61 0.00 0.50 0.003
%BALA+GABA -0.71 0.00 0.01 0.69 -0.77 0.00
DI 0.28 0.14 0.70 0.00 0.41 0.02
ASP 0.46 0.01 0.29 0.08 0.59 0.00
GLU 0.15 0.45 -0.39 0.02 0.68 0.00
SER -0.31 0.10 -0.73 0.00 0.24 0.16
HIS -0.34 0.06 0.39 0.03 0.24 0.16
GLY -0.62 0.00 -0.86 0.00 -0.35 0.04
THR -0.29 0.13 -0.78 0.00 -0.62 0.00
ARG 0.10 0.59 0.69 0.00 -0.10 0.57
ALA -0.61 0.00 -0.18 0.29 -0.15 0.40
BALA -0.79 0.00 0.07 0.67 -0.63 0.00
TYR -0.54 0.002 -0.52 0.001 -0.04 0.83
GABA -0.39 0.04 0.04 0.81 -0.57 0.00
MET 0.49 0.01 0.03 0.88 0.61 0.00
VAL 0.12 0.54 0.73 0.00 -0.22 0.20
PHE 0.00 0.97 -0.21 0.22 -0.03 0.87
ILEU 0.31 0.10 0.78 0.00 -0.12 0.50
LEU 0.27 0.16 0.72 0.00 0.61 0.00
ORN -0.03 0.87 -0.51 0.001 -0.64 0.00
LYS 0.88 0.00 0.91 0.00 -0.64 0.00
Lithogenic tracer elements
Al -0.66 0.001 -0.25 0.14 -0.43 0.01
Mn -0.61 0.004 -0.68 0.00 -0.78 0.00
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Table 5.3: Comparison of sediment trap biogeochemcial composition collected from sites LY1
(Firth of Lorne) and RE5 (Loch Etive) on two sample dates in 2016. Individual fatty acids
are percentage contribution to total fatty acids. Individual amino acids are reported as mole
percentages.
Sample site LY1 RE5
Date 02/06/2016 15/06/2016
Depth (m) 20 100
Bulk flux (g m2 d−1) 3.2 0.1 ± 0.0
%CHO-OC 7.2 53.8
Fatty acids











DI 1.1 ± 0.2 0.8
ASP 9.4 ± 0.6 13.3
GLU 13.2 ± 2.3 13.5
SER 6.8 ± 0.9 7.8
HIS 0.9 ± 0.2 0.7
GLY 13 ± 0.8 16.8
THR 4.5 ± 0.6 4.6
ARG 5.3 ± 0.5 7.5
ALA 10.9 ± 0.4 4.4
BALA 0.1 ± 0.1 0.2
TYR 2.4 ± 0.3 1.5
GABA 0.03 ± 0.0 0.6
MET 1.2 ± 0.5 1.3
VAL 7.4 ± 0.2 7.4
PHE 3.1 ± 1.5 4.1
ILEU 5.5 ± 0.2 4.8
LEU 8.2 ± 0.4 7.0
ORN 0.12 ± 0.0 0.2
LYS 7.8 ± 0.7 4.4
Lithogenic tracer elements
Al (mg L−1) 0.34 0.33
Mn (mg L−1) 0.01 0.08
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5.4 Discussion
5.4.1 Seasonal differences between the reactivity of suspended versus sinking frac-
tions
Differences between the reactivity of suspended versus sinking particulate material was investi-
gated between May and November 2016 at site LY1. The reactivity of POM depended on whether
the PM was in the suspended or sinking fraction (Figure 5.6). Largest differences in reactiv-
ity between POM fraction type occurred during the summer, in contrast to winter, when similar
reactivities were observed between SPM and sediment trap material. There was no significant dif-
ference in O2 consumption rates between SPM sampled from above versus below the pycnocline.
This is likely to be a result of their relatively similar chemical composition (Chapter 4). Peaks in
SPM O2 consumption rates corresponded to a peak in microphytoplankton cell abundance, and a
positive correlation between microphytoplankton cell abundance and O2 consumption rates was
observed. Incubation experiments with SPM were not carried out for sampling dates earlier than
day 187, and therefore missed the spring microphytoplankton bloom which reached maximum
cell abundances of the period sampled. It is intuitive to think that reactivity of SPM would be
highest during the spring bloom and maximum cell abundances, and therefore a relatively high
proportion of fresh labile POM. Sediment trap material collected from LY1 was most reactive
during the spring bloom when microphytoplankton abundances were highest (Figure 5.5). Sed-
imentation of the highly abundant microphytoplankton during spring and early summer into the
sediment traps could have driven this higher reactivity. Reactivity was lowest during the winter,
which was also the period of lowest microphytoplankton abundance. This is consistent with sur-
face sediment studies which have shown maximum O2 consumption rates during and after the
phytoplankton bloom (Hicks et al., 2017). PM was more reactive during spring when microphy-
toplankton were most abundant, as shown by the positive relationship between diatom fatty acid
biomarkers (16:4(n-1) and 20:5(n-3)) and reactivity. The seasonally varying reactivities of both
fractions of PM are likely to be driven by a change in source material, and resulting degradation
processes. Chapter 4 results showed a progressive increase of relative proportions of terrigenous
organic material in SPM through to winter. This was in comparison to a higher relative proportion
of marine derived organic material contribution to total PM in early spring (Chapter 4). Season-
ally increasing C:N ratios (marine C:N ratio 6 to 7 (Emerson and Hedges, 1988)), more negative
δ 13C values, and negative correlations with lithogenic tracer elements (Mn), were indicators of
this seasonal shift in SPM source. Additionally, sediment trap material was also shown to vary
in composition throughout the sampling season. High C:N ratios (yearly average 9.4 ± 0.4 SD),
enriched δ 13C values (yearly average -21.3h ± 1.3 SD), and the lack of a correlation between
δ 13C values and terrigenous indicators such as lithogenic tracer elements, suggest the presence
of phytodetritus in the export flux at LY1. However, sediment trap material C:N ratios (yearly
average 9.4 ± 0.4 SD) can also be interpreted as PM derived from a riverine source, which is
typically in the range of between 8 to 10 (Meybeck, 1982). Without δ 13C marine and terrestrial
endmembers specific to LY1, it is difficult to definitively identify PM source. Additionally, lateral
advection and resuspension are likely to be important processes influencing the PM present at this
coastal site. In this dynamic environment, vertical transport of SPM is likely to be accompanied
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by lateral transport. Therefore, PM may have been suspended in the water column due to advec-
tive processes, which will ultimately affect its composition and reactivity. The extent to which
remineralisation has already occurred will have a strong effect on the biochemical composition of
PM. Despite this, it is clear there are seasonal changes to the composition of SPM and sediment
trap material collected at LY1. Seasonal shifts in sediment trap PM composition have been found
in other coastal settings where the contribution of terrestrial derived organic material increased
from 10 % in non-winter months, to 35 % in winter months (Hedges et al., 1988b). This study has
highlighted the importance of seasonal shifts in the source of PM, and fractions of PM at different
diagenetic stages affect remineralisation rate.
5.4.2 Linking reactivity of particulate material to biogeochemical composition
The reactivity of the suspended and sinking fraction of PM was shown to be related to a number
of key biochemical components. Oxygen consumption rates were highest when concentrations of
labile compounds such as AA and TFA were highest in both POM fractions (Table 5.2). Partic-
ulate amino acids in POM have been found to be more labile relative to bulk OC, and degraded
rapidly, in 0.2 to 2.1 days, when compared to timescales of months to years for bulk OC consump-
tion (Smith et al., 1992). Phytoplankton abundance, AA, and TFA concentrations were lowest in
winter which suggests there was less labile material available. This, coupled with a shift to greater
relative proportions of terrigenous material, resulted in lower oxygen consumption rates in SPM
and sediment trap material during winter sampling dates. The relationship between CHO and O2
consumption rates varied between POM fraction. Both SPM sampled from above and below the
pycnocline had a positive correlation between CHO concentration and O2 consumption rates. By
contrast, CHO concentration in sediment trap material had an inverse relationship to reactivity. A
study investigating biochemical composition changes between plankton and sediment trap mate-
rial collected at 955 m and 3459 m, found increasing relative abundances of CHO with increasing
depth (Hedges et al., 2001). This suggests either preservation of CHO by the physical protec-
tion of minerals (Hedges et al., 2001), or preferential consumption of AA and TFA over CHO.
However, further studies have found decreases in CHO relative abundance between plankton and
underlying sediment traps (Hernes et al., 1996; Wakeham et al., 1997b). Additionally, CHO com-
positional differences were observed between plankton and sediment trap samples (Hernes et al.,
1996). Ribose and storage CHO rich in glucose were preferentially lost, and structural carbohy-
drates rich in rhamnose, xylose, fucose, and mannose were preserved in sediment trap material,
relative to plankton sources. These differences could explain the differing relationships between
CHO concentration and O2 consumption rates in SPM versus sediment trap material sampled
from LY1. High reactivities were associated with higher CHO concentrations in the suspended
fraction, where organic material was more labile and could have contained more storage CHO.
In contrast, lower reactivities were associated with higher CHO concentrations in sediment trap
material, which could have been dominated by structural CHO, due to preferential consumption
of storage CHO during its transition to 20 m. Additionally, there was a higher relative proportion
of terrestrial derived organic material during late summer and winter (indicated by more negative
δ 13C values), in which CHO associated with this terrigenous input in winter, was likely to be
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much less reactive due to degradation on land and during its transition into the marine environ-
ment. Molecular-level analysis of CHO in this study would have provided more information on
the source and degradation of carbohydrates in SPM and sediment trap material. In summary,
higher reactivities of SPM and sediment trap material occurred when there was higher relative
abundances of labile materials such as AA and TFA, and the relationship with CHO depended on
fraction type.
The relationship between individual amino acids and fatty acids with O2 consumption rates varied
between SPM and sediment trap material. A negative correlation between SFA and O2 consump-
tion rates was observed in all sample types. Conversely, positive relationships were observed
between PUFA and MUFA, and O2 consumption rates, in all sample types. These relationships
coincide with higher relative abundances of PUFA associated with more labile POM, and higher
relative abundances of SFA correspond to degraded material (e.g. Fileman et al., 1998; Budge
et al., 2001; Najdek et al., 2002; Parrish et al., 2005). The reactivity of all sample types was
highest when there was a higher relative abundance of diatom fatty acid biomarker 16:4(n-1) (and
to a lesser extent 20:5(n-3)). These labile PUFAs have been shown to decrease in relative abun-
dance with depth in the water column as they are selectively consumed (Fileman et al., 1998).
This coincides with the results of this study, where higher relative abundances of 16:4(n-1) were
found in SPM relative to sediment trap material (Table C.12 & C.16), and POM was more reactive
when 16:4(n-1) abundances were high. A number of labile intracellular amino acids were also
positively correlated to POM reactivity. Out of all the amino acids, LYS had the strongest positive
relationship with O2 consumption rates in SPM. Other amino acids associated with higher POM
reactivity when relative abundances were higher include ASP, ILEU, GLU, and LEU. The extent
of this relationship varied with sample type. For example, GLU had a positive relationship with
O2 consumption rates in sediment trap material, in contrast to a weak negative relationship with
SPM from below the pycnocline, and no correlation with SPM from above the pycnocline. Con-
versely, LYS had the strongest positive relationship out of all the AA with O2 consumption rates
with SPM, in contrast to a negative relationship with sediment trap material. Positive relationships
between intracellular amino acids (e.g. ILEU, GLU, and LEU) and reactivity, are expected due
to their labile nature, and associated decrease in relative abundances with degradation (e.g Dauwe
et al., 1999; Lee et al., 2000; Wakeham and Lee, 1993; Wakeham et al., 2009). The differences
observed in this study between POM fraction and reactivity linked to key biochemicals (e.g. LYS
and GLU) could be due to the small sample set used. Data were often clumped, and despite high
r values, there are still uncertainties between the relationship of reactivity and certain biochemical
components (Figures D.1 to D.6).
In addition to correlations between key labile biochemical compounds and reactivity, relation-
ships between known degradation indicators and oxygen consumption rates were also observed
(Table 5.2). Non-protein amino acids GABA and BALA are well known indicators of degrada-
tion, and are preserved relative to preferentially consumed protein amino acids (e.g. Cowie and
Hedges, 1994; Dauwe and Middelburg, 1998; Dauwe et al., 1999; Ingalls et al., 2003; Goutx
et al., 2007; Wakeham et al., 2009). With increasing relative proportions of BALA, GABA, and
% BALA+GABA, the reactivity of SPM from above the pycnocline and sediment trap decreased.
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There was no correlation found between BALA, GABA, or % BALA+GABA in SPM from be-
low the pycnocline. A further non-protein amino acid, ORN, had a negative correlation with O2
consumption rates in SPM from below the pycnocline, and sediment trap material. Additional
indicators of degradation include GLY and THR, which are associated with diatom cell walls and
refractory organic material (e.g. Ingalls et al., 2003; Cowie and Hedges, 1996; Carr et al., 2016).
Reactivity of POM was lower at higher relative abundances of GLY and THR in SPM and sed-
iment trap material. Degradation index (DI) is a measure which analyses complex amino acid
compositions into a single value which is representative of POM degradation (Dauwe and Mid-
delburg, 1998; Dauwe et al., 1999). Higher DI values are indicative of fresher POM, and lower
DI values suggests more degraded material (Dauwe and Middelburg, 1998; Ingalls et al., 2003;
Wakeham et al., 2009). There was a weak positive correlation between increasing DI values and
increasing SPM reactivity sampled from above the pycnocline, and sediment trap material reactiv-
ity. A stronger positive correlation was observed in SPM from below the pycnocline. Generally,
individual amino acids (which are used in the DI index calculation) in SPM sampled from below
the pycnocline had stronger correlations with reactivity in comparison to SPM from above the py-
cnocline and sediment trap material (Table 5.2). This explains why SPM sampled from below the
pycnocline had stronger positive relationships with DI. The differences observed between SPM
from above versus below the pycnocline, and the relationship between individual amino acids and
reactivity, could be a result of the small sample size and clumping of data. Despite these differ-
ences between sample types, the majority of amino acids used as lability or degradation indicators,
followed the expected trend.
Sediment trap material was less reactive when PM flux was higher. However, this correlation
analysis of sediment trap material bulk flux and O2 consumption rates begins on day 138 when
bulk flux is low, and subsequently increases over the summer and winter, which also coincides with
lower PM reactivities (Chapter 4, Figure 4.22). It excludes the period of high flux in spring, which
is likely to be more reactive given the high microphytoplankton cell abundances during the spring
bloom. Therefore this relationship of high flux and low reactivity is driven by late summer to
winter source shift to increasing terrigenous inputs. Corresponding negative correlations of CHO
concentration and lithogenic tracer elements (Al and Mn), and O2 consumption rates of sediment
trap material, further support this trend. Other explanations for the lower reactivities of sinking PM
relative to SPM include residence time of PM in the water column and the fact that the PM may
have already undergone extensive remineralisation. A reduction in the residence time of PM in the
water column, reduces the time available for microbial colonisation, and modification processes
down the water column to the seafloor (de Jesus Mendes and Thomsen, 2012). Additionally,
sinking particles can contain lower abundances, or less metabolically active bacteria than slow-
sinking, suspended particles (Goutx et al., 2007), which suggests lower remineralisation rates due
to lower microbial abundances. A further explanation for the lower reactivities of sinking PM
relative to SPM, include temperature and water column depth, which have been shown to effect
the rate of PM degradation. Carbon-specific respiration rates of POM were shown to decrease by
3.5 times when temperature was lowered from 15 to 4◦C (Iversen and Ploug, 2013). Microbial
communities attached to sinking PM in the surface ocean may not be able to function at colder
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depths (Iversen and Ploug, 2013). However, site LY1 in this study was relatively shallow, and there
was never more than a 1.5 ◦C temperature change observed from surface waters to the seafloor
(approximately 50 m) during 2016. Therefore, in this study temperature may not have been an
important parameter in determining PM reactivity at different depths. Lastly, the incorporation
of ballast material could explain lower PM reactivity during high flux periods. Ballast material
includes calcium carbonate, opal, and lithogenic material, and PM fluxes are strongly associated
to mineral fluxes (Klaas and Archer, 2002). The presence of ballast material stabilises PM through
sorption onto mineral surfaces, and acts as physical protection from microbial degradation (Keil
et al., 1994). Ballast material increases sinking rates through adding density and reducing porosity
of PM (De La Rocha and Passow, 2007; Ploug et al., 2008b). The addition of clay material to
aggregates was found to physically protect POM from degradation (Arnarson and Keil, 2005),
in contrast to biogenic minerals, which were found to provide no protection from degradation
(Ploug et al., 2008b, 1999; Iversen et al., 2010). In this study sediment trap reactivity was lower
with higher relative abundances of lithogenic tracer elements (Al and Mn). This ballast material
could be responsible for reducing the reactivity of POM via four mechanisms. Firstly, increased
sinking rate relative to SPM, which reduces residence time in the water column for microbial
colonisation. Secondly, regardless of residence time in the water column, progressive loss of the
labile portion of POM with increasing depth would result in lower reactivity. Thirdly, ballast
minerals could provide sorptive protection to labile organic matter, protecting it from degradation
and reducing reactivity. Lastly, a change in source material to increasing proportions of terrigenous
material, which contains lithogenic elements and heavily degraded organic material, would explain
the lower reactivity of PM observed in winter. Different water column processes affecting SPM
versus sinking PM, and the presence of ballast material, have the potential to drive the differences
in reactivity observed between the two PM fractions.
A study using novel particle interceptors (RESPIRE: REspiration of Sinking Particles In the sub-
suRface ocEan) determined remineralisation rates of PM in situ using O2 optodes (Boyd et al.,
2015). Deployments of RESPIRE traps were for 72 hours with 36 hours of particle collection
and the following 36 hours for incubation experiments (Boyd et al., 2015). Remineralisation rate
increased over time which was attributed to altered substrate quality or microbial community dy-
namics (Boyd et al., 2015). A further study using RESPIRE particle interceptors with shorter
incubation periods (4 hours), found flux-normalised respiration rates to greatly vary between sites
and to exponentially decrease with depth (McDonnell et al., 2015). Data from this experiment
indicated a decrease in remineralisation rates after a 4 hour incubation period (Boyd et al., 2015).
These different results highlight how variable the BCP and remineralisation rates can be spatially
and temporally. This is also shown by the contrasting reactivities found between LY1 and RE5 in
this study. Although sample date was similar, reactivities of POM were 2.3 time higher in sedi-
ment trap material collected from LY1 in comparison to RE5. Sediment traps were deployed at
20 m at site LY1, a coastal site situated in the Firth of Lorne, and 100 m in Loch Etive. The low
numbers of replicates at RE5 mean that correlation analysis between biochemicals and reactivity
was not possible. Table 5.3 provides a comparison between the biogeochemical composition of
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sediment trap material sampled from LY1 and RE5. The biogeochemical composition varied be-
tween the two sites with substantially higher %CHO-OC in RE5 sediment trap material relative
to LY1 samples. There was approximately double %TFA-OC in RE5 sediment trap material in
comparison to LY1 material, and the composition of the TFA varied between sites. Sediment trap
samples from LY1 contained double the amount of PUFA compared to RE5, which was domi-
nated by SFA. Higher proportions of PUFA is indicative of more labile, fresh material, in contrast
to higher proportions of SFA, which is an indication of degradation (Najdek et al., 2002; Wolff
et al., 2011). Additionally, RE5 contained lower relative proportions of key diatom, dinoflagel-
late, and terrigenous fatty acid biomarkers in comparison to LY1. Lower proportions of diatom
and dinoflagellate biomarkers is expected given the substantially lower microphytoplankton cell
abundances at RE5 relative to LY1 (Chapter 2, Section 2.3.5). Site RE5 had higher relative pro-
portions of %AA-N and %AA-OC than LY1, which suggests RE5 sediment trap material was
less degraded than LY1. However, RE5 sediment trap material also had higher %BALA+GABA,
and slightly lower DI values, both of which indicate higher degradation state in RE5 material in
comparison to LY1. Key diatom intracellular amino acids, indicative of labile material, in RE5
sediment trap material were either lower (ILEU, LEU, LYS), similar to (GLU), or higher (ASP)
than LY1 sediment trap material. In contrast, key diatom cell wall associated amino acids (SER,
GLY, THR) and non-protein amino acids (GABA, BALA, ORN), indicative of a more degraded
state, were all higher in RE5 sediment trap material relative to LY1. In terms of terrigenous inputs,
both sites had similar concentrations of Al in sediment trap material, however, concentrations of
Mn were substantially higher at RE5. Given the land locked site of RE5 with a high river catch-
ment area, high concentrations of CHO, and lithogenic tracer elements, heavily altered terrigenous
material is likely to make up a substantial proportion of sediment trap PM. Additionally, RE5 is
an example of a restricted exchange environment in which infrequent deep water renewal events
can lead to oxygen depletion (Edwards and Edelsten, 1977; Austin and Inall, 2002). Numerous
studies have highlighted cases where a relatively large proportion of the PM formed in the surface
ocean, is transported to depth and sediments in oxygen minimum zones (e.g. Van Mooy et al.,
2002; Keil et al., 2016; Cavan et al., 2017; Le Moigne et al., 2017). During this study period,
RE5 was undergoing a deep-water renewal event in which dissolved oxygen concentrations went
from pre-sediment trap deployment concentrations of 59.6 µM (03/05/2016), to 186.8 µM one
day post-sediment trap recovery (16/05/2016), to 248.3 µM which was considered to be fully
flushed (24/05/2016; data supplied by Tim Brand). Suboxic conditions during the sediment trap
deployment at RE5 could be responsible for lower reactivities, and the preservation of relatively
labile PM to 100 m.
5.5 Conclusions
This study highlighted that O2 consumption rates of SPM and sediment trap material showed
a large degree of seasonal variation, and differences were observed between suspended versus
sinking fractions. The suite of biochemical classes used in this study (that are well established
indicators of material source and diagenetic state) coupled with PM reactivity estimates, are a
valuable interpretive tool for predicting the fate of organic carbon in the water column. The key
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findings of this study suggest:
1. The reactivity of POM was different between suspended and sinking fractions. Generally,
SPM was more reactive than sinking PM which was driven by biogeochemical composi-
tional differences. The difference in reactivity between the two fractions is significant, as it
suggest SPM is more likely to be remineralised in the water column, and will therefore have
a lower contribution to carbon export in contrast to faster sinking PM.
2. The reactivity of POM has a strong dependence on season, with higher reactivities occurring
during spring and summer, and lowest in winter. Large differences in SPM versus sediment
trap material reactivities were observed in summer, in contrast to winter when reactivities
were relatively similar. This difference was driven by a shift in source material and degra-
dation processes.
3. Molecular-level analyses of SPM from above and below the pycnocline, and sediment trap
material showed varying correlations between reactivity and selected biochemical compo-
nents. Higher relative abundances of labile fatty acids 16:4(n-1) and 20:5(n-3) were re-
lated to higher reactivity in all sample types. The relationship between individual amino
acids and reactivity depended on POM fraction. The strongest positive relationships ob-
served in all fractions was between LYS and reactivity. Selected degradation indicators
(%BALA+GABA, GLY) showed negative correlations with reactivity.
4. The reactivity of sediment trap material at LY1 was 2.3 times more reactive than sediment
trap samples collected from 100 m in Loch Etive. There could be a number of factors
driving this observed difference. Firstly, depth differences of the sediment trap deployments
(20 m at LY1 and 100 m at RE5) resulting in longer residence time of PM in the water
column at RE5, could be responsible for a higher state of degradation and lower reactivities
relative to LY1. Secondly, a difference in source material and associated biogeochemical
composition between the two sites could influence POM reactivity. Lastly, a very different
water column structure and suboxic conditions at the restricted exchange environment RE5,
could be responsible for lower remineralisation rates of POM.
These observations provide valuable insights to how biogeochemical compositional variability im-
pacts the reactivity of suspended and sinking PM. Understanding these dynamic relationships is
essential as they are likely to be affected as a result of climate change. These changes which could
affect PM composition, sedimentation rate and reactivity include alterations to the physical struc-
ture of water column, shifts in phytoplankton community composition, and precipitation events
affecting amount of terrestrial material entering the water column.
Chapter 6
Discussion
Understanding how the biogeochemical characteristics of particulate matter (PM) at sequential
stages of transport varies with PM fraction and season, is crucial as it plays a part in determin-
ing remineralisation of the organic component of PM (POM), and ultimately how much carbon
is released back to the atmosphere. Additionally, the depth at which POM is recycled determines
elemental distributions in the water column and drives globally important biogeochemical cycles.
The loosely categorised suspended and sinking fractions of PM can be morphologically and bio-
chemically distinct, which influences their buoyancy and sedimentation rates. This thesis aims
to address fundamental questions regarding the origin of different fractions of POM, and how
composition and reactivity of POM changes seasonally.
The fundamental questions addressed in this thesis include:
1. What is the role of biochemical and environmental parameters in determining microphyto-
plankton sedimentation rate?
2. How does the biogeochemical composition of particulate material vary at sequential stages
of transport from the surface to the seafloor?
3. What is the relationship between the biogeochemical composition and reactivity of sus-
pended and sinking fractions of particulate material?
To address these questions, three studies were carried out. These included investigating key mi-
crophytoplankton community structure that form an important part of the BCP, characterising
the biogeochemical composition of different fractions of PM which are likely to have different
contributions to carbon export, and lastly coupling PM biogeochemical composition to particle
reactivity to predict its fate in the water column. This thesis addresses key questions surrounding
the characterisation of PM, determining its origin, reactivity, and ultimate fate. The combination
of microphytoplankton community composition analysis, biochemical classification of POM, and
reactivity measures across a seasonal cycle is unprecedented.
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6.1 Key findings
Key findings that have been generated from this thesis include:
1. The contribution of marine versus terrestrial POM varied seasonally and with POM fraction.
There was a seasonal shift in the source of SPM, which had higher relative proportions of
marine derived POM in the spring (microphytoplankton bloom), and transitioned to terres-
trially derived material in winter. The seasonal progression was less distinct in sediment trap
material and sediments, which suggests that terrestrially derived POM could have different
sedimentation mechanisms, in comparison to marine POM, which favours terrigenous POM
residence in the suspended fraction. Despite differences in the seasonal source change be-
tween POM fraction, the inorganic component of all fraction types is likely to dominate over
the organic component, and originate from terrestrially derived mineral material. Addition-
ally, the lack of seasonal change in sediment trap material and sediments is due to processes
such as lateral advection and resuspension of sediments.
2. Microphytoplankton were highly abundant at LY1 during spring and less so during winter.
Community composition shifts were observed in response to environmental changes which
impacted sedimentation rates. Dinoflagellates had significantly faster sedimentation rates
relative to diatoms and ciliates, yet they made up a small proportion of the total commu-
nity composition (which was dominated by diatoms). Species-specific sedimentation rates
were likely to be a result of morphological and physiological differences between species.
Additionally, both physical environment parameters (particularly wind speed and pycno-
cline depth) and biochemical composition were shown to influence sedimentation rates of
community composition. Total lipid was significantly inversely correlated to community
sedimentation rates in samples from both above and below the pycnocline. This study high-
lights a number of important controls on the sedimentation rate of microphytoplankton,
which ultimately will affect carbon export and cycling.
3. Biogeochemical analysis of PM provided information on the source and degradative state of
PM. The biogeochemical composition of SPM, sediment trap material, and sediments was
distinct. Generally, SPM was composed of more labile compounds (e.g. polyunsaturated
fatty acids such as 16:4(n-1), diatom intracellular amino acids such as glutamic acid, leucine,
isoleucine) in comparison to sediment trap material and sediments, which were composed
of less labile, more refractory compounds (e.g. saturated fatty acids, monounsaturated fatty
acids, diatom cell wall associated amino acids such as serine, threonine, and non-protein
amino acids such as γ-aminobutyric acid, β -alanine).
4. Biogeochemical differences observed between SPM and sediment trap material were re-
flected in their reactivity. There was a clear seasonal shift in both the source material and
reactivity of SPM from higher relative proportions of marine POM and higher reactivities,
to higher relative proportions of terrigenous POM and lower reactivities. Generally, SPM
was more reactive than sediment trap material until winter where similar reactivities were
observed.
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5. Site LY1 is situated in the Firth of Lorn and is a relatively shallow, high energy site. Simi-
larities between sediment trap material and sediments in the majority of the parameters (and
a dissimilarly with SPM) sampled suggest lateral advection and sediment focusing are key
processes at LY1. This suggests that vertical sedimentation of PM does not dominate at
LY1. As a result, sediment trap material could largely be composed of resuspended sedi-
ment. This is reflected in the biogeochemical compositional differences between the sample
types, and the lower reactivity of sediment trap material relative to SPM.
6. Carbon flux was 5 to 70 times lower in SPM (calculated using SETCOLs) relative to faster
sinking material collected in sediment traps. Lower carbon flux and higher reactivity of
SPM, relative to sediment trap material, suggests that the labile components of SPM were
utilised in the surface layers, and the material exported had a different chemical composition
compared to the original source. This suggests that there is inefficient transfer of POM from
the surface to greater depths in a highly dynamic coastal site.
6.2 Marine versus terrestrial sources of particulate organic material
Determining the origin of POM in the marine environment is important for predicting the fate
of POM in the water column; whether is it likely to be remineralised or exported to depth. It is
also important for estimating of global carbon budgets and predicting past productivity from sedi-
mentary records (Volk and Hoffert, 1985; Hedges et al., 1997). Molecular-level analysis of POM
can provide a suit of information on the source and degradative state of POM (e.g. Ittekkot et al.,
1982; Cowie and Hedges, 1992b, 1994; Dauwe and Middelburg, 1998; Lee et al., 2000; Parrish
et al., 2005; Ingalls et al., 2006). The data presented in Chapter 4 focused on the biogeochemical
characterisation of different fractions of POM. A suite of indicators were used to distinguish be-
tween POM source, and to determine how this changed seasonally, and with POM fraction. These
indicators included δ 13C values, C:N ratio, lithogenic tracer elements (Al and Mn), and fatty acid
biomarkers.
In order to quantitatively estimate the relative proportions of marine versus terrestrial contribution
to POM, marine and terrestrial δ 13C endmembers were selected from the literature. These calcu-
lations are based on assumptions that there are only two sources of POM and they are the same
for all sample fractions. Additionally, it is acknowledged that δ 13C values of POM can change
in response to season, biochemical changes, phytoplankton community structure, and in response
to a range of environmental factors (e.g. Hedges et al., 1988b; Hansman and Sessions, 2016). It
is also recognised that estimated relative proportions of marine versus terrestrial contribution to
organic matter will obviously change depending on the endmember values selected. Appropriate
endmembers were selected from the literature in order to derived estimates of the relative pro-
portions of marine versus terrestrial POM. The marine endmember selected was -20.5h, which
was the average between laboratory cultured Skeletonema costatum (-20.9 h; Wong and Sack-
ett, 1978), cultured Chaetoceros calcitrans (-20.4 h; Korb et al., 1998), and natural temperate
phytoplankton community dominated by diatoms and primarily Skeletonema costatum (-20.3h;
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Gearing et al., 1984). These values seemed appropriate as Skeletonema and Chaetoceros spp.
dominated the microphytoplankton community composition at LY1 (Chapter 2, Figure 2.15). The
terrestrial endmember selected was -26.2h, which is the average between peat δ 13C values (and
topsoil) in Loch Linnhe (-28h) and was suggested as a probable component of terrigenous OM
(Overnell and Young, 1995). Additionally, topsoil values on the peninsular between Lochs Etive
and Creran that is the nearest mainland to site LY1 (-24.5h) were selected (Thornton et al., 2015).
The relative proportions of marine and terrestrial POM inputs to SPM, sediment trap material, and
sediments can be estimated using the methods described in Mitchell et al. (1997) and Loh (2005).
Let, a + b = 1, hence b = 1 -a
where a= proportion of marine POM , and b= proportion of terrestrial POM
Marine endmember (a)= -20.5h, terrestrial endmember (b)= -26.2h
E.g. Mean δ 13C SPM A in spring= -21.1h
-20.5a + (-26.2b)= -21.1h
Substitute b = 1 - a, to solve for a:
20.5a + 26.2(1 - a) = 21.1
20.5a + 26.2 - 26.2a = 21.1
-5.7a = 21.1 - 26.3
a= 0.9
The estimated seasonal progression of increasing relative proportions of terrestrial POM and de-
creasing relative proportions of marine POM in the SPM fraction was calculated (Table 6.1). Obvi-
ously the estimated relative proportions of source material has its limitations and calculated values
are dependent on the endmembers selected. Despite this, the estimates show a strong seasonal
shift in source material of the SPM fraction (which would be the case regardless of endmembers
selected) which is not found in sediment trap material and sediments to the same extent. This
decreasing seasonal trend of marine input into SPM coincides with the seasonal trends observed
in microphytoplankton cell abundance (Chapter 2, Figure 2.13c & d). The gradual decrease in
microphytoplankton cell abundance from spring, to summer, to winter, was reflected in seasonal
progressive decrease in the relative proportion of marine POM to SPM above and below the py-
cnocline. Generally, there were higher amounts of rainfall during summer and winter months,
facilitating the transport of terrestrial POM into the coastal zone (Chapter 2, Figure 2.9). This is
reflected in the higher concentrations of the lithogenic tracer elements (Al and Mn) in summer and
winter relative to spring (Chapter 4, Figure 4.20).
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Table 6.1: Estimates of the relative proportions (%) of marine and terrestrial POM in suspended
particulate material (SPM) sampled from above (A) and below (B) the pycnocline, sediment trap
material (ST), and sediments (S). Values are split in to spring, summer and winter.
Spring Summer Winter
% marine % terrestrial % marine % terrestrial % marine % terrestrial
SPM A 91 9 50 50 23 77
SPM B 94 6 60 40 36 64
ST 84 16 91 9 80 20
S 86 14 89 11 88 12
In contrast to SPM, the organic component of sediment trap material appeared to be dominated by
marine derived POM for the majority of the year (Table 6.1). However, the estimated relative pro-
portion of terrigenous POM inputs of sediment trap material approximately doubled from summer
(9 %) to winter (20 %). Another study in a coastal setting also observed seasonal shifts to higher
terrigenous inputs of sediment trap material in winter (35 %), relative to non-winter months (10 %;
Hedges et al., 1988b). The relatively similar percentage composition of sediment trap terrestrial
input in spring (16 %) and winter (20 %), could be due to slow sinking rates, and/or the un-reactive
nature of the material lingering in the water column after winter. Sediment trap material had the
highest marine signature in summer, which could be a result of the time lag for the microphy-
toplankton bloom to sink from 3 m (depth at which SPM was sampled) to 20 m (sediment trap
depth). According to settlement column (SETCOL) results in Chapter 3, this would have taken
approximately 15.8 days. Therefore, it is plausible that the higher marine signature observed in
sediment trap material in summer is due to this time lag, which would vary with microphytoplank-
ton community composition and the physical environment. Despite δ 13C values indicating the
presence of marine POM in sediment trap material, other source indicators, such as C:N ratio, are
within the range typical of riverine inputs (9.4 ± 0.4 SD C:N ratio). However, a C:N ratio within
this range could also indicate the presence of highly degraded material. The higher concentration
of lithogenic tracer elements Al and Mn in sediment trap material compared to SPM indicates that
terrestrially derived material, especially inorganic mineral material, was a substantial component
of sediment trap and sediment samples (Chapter 4, Figure 4.20).
Unlike SPM, there was little seasonal variation observed in sediments, which had a high relative
proportion of marine derived POM based on δ 13C values (Table 6.1). The lack of a seasonal trend
in sediments (and to a lesser extent sediment trap material) was observed in all of the measured
parameters, and is likely to be a result of sediments representing a time-averaged composition of
POM, which has undergone resuspension, lateral advection, and bioturbation processes. These
processes are likely to have resulted in the modification of POM composition, removing the most
labile components. Resuspension and lateral advection are key processes determining the distribu-
tion of PM in the high energy environment of the Firth of Lorne (Chapter 2). Relative proportions
of marine and terrestrial POM in sediment samples at LY1 are similar to those previously esti-
mated for sites LC6 (11 % terrestrial and 89 % marine), and Camas Nathais (13 % terrestrial and
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87 % marine) which are both located in the Firth of Lorne (Loh, 2005). This agreement between
δ 13C values between LC6, Camas Nathais and LY1, supports higher relative proportions of ma-
rine POM in sediments. It further suggests that terrigenous POM material has a longer residence
time in the suspended fraction, which would favour lateral advection and inefficient transfer of
terrestrial POM to sediments. However this is not universally found, as higher relative proportions
of terrestrially derived POM relative to marine derived POM are also found in sediments (e.g.
Cowie and Hedges, 1992b; Loh, 2005). This is a result of preferential consumption of marine
POM, which results in higher relative proportions of less labile terrestrially derived POM. These
studies were in sea lochs (Etive and Creran) and a coastal site (Saanich Inlet), which were either in
a restricted environment (sea lochs) or deeper (Saanich Inlet) than LY1, LC6, and Camas Nathais.
The shallower, dynamic environment in the Firth of Lorne encourages resuspension and lateral
advection of PM. This could explain the difference observed in the higher relative proportions
of marine POM versus terrestrial POM at LY1, when compared to the reverse trends observed at
restricted exchange and deeper sites where vertical processes predominate.
However, other indicators such as C:N ratio and lithogenic tracers elements (Al and Mn) both
indicate terrigenous inputs formed an important component in sediment trap material and sedi-
ments. Furthermore, as previously stated, sediment samples are likely to be composed mainly of
inorganic mineral material, with POM representing a small fraction of total composition. Similar
to sediment trap material, the mean C:N ratio of sediments (9.3 ± 0.1 SD C:N ratio) was within
the range of riverine inputs (which are typically between 8 and 10; Meybeck, 1982)), and the
concentration of lithogenic tracer elements Al and Mn was highest close to the sea floor (45 m)
in comparison to sediment trap and SPM sample depths. Results from a previous coastal study
(Hedges et al., 1988a) showed marine POM that reached the sea floor was five times more reac-
tive than the accompanying terrigenous POM, despite undergoing >80 % remineralisation in the
upper water column. This means that despite high proportions of marine inputs into sediments,
the biogeochemical composition was vastly different to the marine source at the surface (see later
discussion). It is intuitive to think that terrestrial organic matter proportions would be higher in
sediments than in water column samples (SPM and sediment trap materials), due to their gener-
ally lower reactivity and more refractory nature, which favours preservation. However, the higher
terrestrial proportions observed in SPM when compared to sediment trap and sediment samples
is logical, as it is likely to have travelled in the suspended fraction from Lochs Etive, Creran and
Linnhe which have large watersheds. Terrestrial PM sourced from these sea lochs could converge
at LY1 before being laterally advected elsewhere, and leave a small proportion accounted for in
sediment trap material and sediment. Marine and terrestrial PM could have different settling mech-
anisms which could explain the higher marine contribution to the export flux. For example, highly
degraded lignin material is less dense than seawater, and remains in suspension in near surface wa-
ters (Reeves and Preston, 1991; Loh et al., 2008b). Therefore, compositional differences between
SPM with sediment trap material and sediments could be a result of different sedimentation mech-
anisms of source materials, and physical processes (resuspension and sediment focusing) affecting
the distribution of PM.
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Figure 6.1: Suspended particulate material (SPM) particulate carbon flux (µg m−2 d−1) calcu-
lated from SPM from above and below the pycnocline in SETCOL experiments during 2016.
Sediment trap (ST) carbon flux (g m−2 d−1) calculated from simultaneous sediment trap deploy-
ments is also plotted. Note the different scales for SPM versus sediment trap material
6.3 Fluxes of suspended water column versus sediment trap particu-
late material
Suspended versus sinking fractions of PM are likely to have different contributions to carbon
export as a result of differences in their properties and associated sedimentation rates. Historically,
slow-sinking, suspended particles are generally under-sampled by sediment trap deployments as a
result of hydrodynamic bias (Buesseler et al., 2007). Additionally, flux calculations of this slow-
sinking PM fraction have used average sinking speeds or size-based assumptions, which are not
ideal (Riley et al., 2012; Durkin et al., 2015; Baker et al., 2017). Therefore better characterisation
and sampling methods are needed to accurately represent the slow sinking fraction. In this study
SPM was collected from above and below the pycnocline using Niskin bottles. At the time of
sampling this PM was suspended in the water column, but was likely to contain both suspended
material and sinking material. Placing the SPM samples into settlement columns (SETCOL) for
a set period of time, enabled the PM to fractionate based on particle buoyancy, and from this the
carbon flux was calculated (Chapter 3). Combined analysis of microphytoplankton community
composition in the SPM, can also provide information on which key species, or combination,
contributed to carbon flux. The carbon flux of SPM was then compared to the sinking PM flux
collected via sediment trap deployments. The flux of carbon captured in the sediment traps was 5
to 70 times greater (depending on sampling dates) than in the flux of slow-sinking SPM (sampled
above and below the pycnocline).
Carbon fluxes associated with slow-sinking SPM above and below the pycnocline, and material
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captured in sediment traps between March and November 2016 were compared (Figure 6.1). Dur-
ing spring and summer, the carbon flux of SPM from above versus below the pycnocline followed
different trends. Later in the year, from day 214, fluxes were more similar in SPM from above
and below the pycnocline relative to earlier dates. This seasonal difference could be a result of
the shift in source material from predominantly marine in spring, to an increased terrestrial in-
fluence in winter. The large variation in carbon flux observed in SPM from above versus below
the pycnocline in spring and early summer could be a result of the large degree of variation in
microphytoplankton cell abundance and composition (Chapter 2, Figure 2.13, Table A.1, & Ta-
ble A.2). In comparison to later summer/ winter, where cell abundance was relatively low and
terrestrial PM dominated SPM, carbon fluxes were relatively similar above and below the pycno-
cline. This similarity between carbon flux observed could be due to the shift in source material and
similar composition of PM both above and below the pycnocline. There was a poor relationship
observed between microphytoplankton community sedimentation rates and SPM carbon flux. Mi-
crophytoplankton community sedimentation rate below the pycnocline was relatively similar over
2016 (Chapter 3, Figure 3.3b). Sedimentation rates of microphytoplankton from above the pycn-
ocline were similar to those below, except from two sample dates where sedimentation rates were
substantially higher above the pycnocline (days 153 and 284). These peaks in microphytoplank-
ton community sedimentation did not coincide with higher carbon fluxes of SPM. This suggests
higher sedimentation rates of microphytoplankton community does not necessarily translate into
higher carbon flux, which could be due to the presence of other carbon sources not accounted for
(i.e. plankton taxa other than those counted in this experiment such as other flagellates, transpar-
ent exopolymer particles (TEP), faecal pellets, other detrital material, terrestrial organic material).
Differences in the particle types collected in the SPM and sediment trap material fractions was
observed (Figure 6.2). The images show higher cell abundances of microphytoplankton on days
97 and 214 in the SPM fraction, when compared to day 284 where there are long strands of other
plant material present (indicating a transition from higher relative proportions of marine POM to
terrestrially derived POM). Lower cell numbers of microphytoplankton are observed in sediment
trap material, which transitions from larger "fluffy" aggregates to a higher abundance of smaller,
more compact particles. This transition into smaller compact particles, and potentially more dense,
will affect sedimentation rate and therefore carbon flux. These images show the range of particles
involved in the carbon flux at LY1, which is not just microphytoplankton cells. Therefore, the
lack of relationship observed between microphytoplankton community sedimentation and carbon
fluxes is because measured cell sedimentation rates are not reflective of what is actually sinking
out.
There were some similarities between SPM and sediment trap material carbon flux seasonal trends
(Figure 6.1). Initial high fluxes of carbon in SPM and sediment trap material coincided with the
microphytoplankton spring bloom. Sediment trap material flux then decreased to a minimum,
whilst during the same period high fluxes of SPM from above the pycnocline were found, relative
to low fluxes of SPM from below the pycnocline (days 98 to 154). The peak in carbon flux of SPM
from above the pycnocline coincided with sediment trap material carbon flux (day 187). After this
sampling date, there were similar carbon flux trends observed for both SPM and sediment trap
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Day 97 SPM Day 214 SPM Day 284 SPM
Day 98 ST Day 215 ST Day 285 ST
Figure 6.2: Comparison between particles in suspended particulate material (SPM) and sed-
iment trap material (ST) samples collected on days 97 (06/04/2016), 98 (07/04/2016), 214
(01/08/2016), 215 (02/08/2016), 284 (10/10/2016), and 285 (11/10/2016)
material. It is possible a large fraction of sediment trap material originated from resuspended
and/or laterally transported sediment, and this is likely to vary strongly with season. Under these
circumstances, it is not surprising that SPM fluxes are minor and often do not follow the same
trends as trap fluxes.
Composition of the microphytoplankton community can play a substantial role in determining the
carbon flux (e.g. Herndl and Reinthaler, 2013; Turner, 2015; Durkin et al., 2016). This is a result of
the diversity of morphologies and cell densities of microphytoplankton which affect aggregation
and sedimentation rates. SETCOL experiments highlighted microphytoplankton sedimentation
was significantly different between groups, with dinoflagellates sedimenting significantly faster
(median 1.25 m d−1 ± 0.03 SE) than diatoms (median 0.83 m d−1 ± 0.03 SE), or ciliates (median
0.74 m d−1 ± 0.04 SE; Chapter 3, Figure 3.4). Additionally, sedimentation rates were highly
species-specific, which in turn has the potential to influence community sedimentation rates de-
pending on the species present. Microscopic observations of the composition of sediment trap
material, revealed the presence of aggregates, individual microphytoplankton cells, and diatom
chains (Chapter 4, Figure 4.24). These chains present in sediment trap material were generally
greater than six cells in length, and SETCOL experiments showed longer chains typically had
higher sedimentation rates than shorter chains. Additionally, solitary cell Pleurosigma spp. had
high sedimentation rates relative to other solitary cells, and were frequently observed in sediment
trap material (Chapter 4, Figure 4.24). Individual microphytoplankton cells and chains, despite
slower sedimentation rates than aggregated cells with other material, are an important component
of the BCP (e.g. Dall’Olmo and Mork, 2014; Puigcorbé et al., 2015; Durkin et al., 2016). For slow
sinking cells to be exported past the surface layer, physical transport could aid their relocation to
depth, or they could have been part of an aggregate which fragmented with depth (Durkin et al.,
2016). However this study also found the transport of individual cells to 125 m and they were
distinctly separate from other particles (Durkin et al., 2016). These studies, and the results from
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this study highlight that microphytoplankton form an important part of carbon export, whether it
be as individual cells, aggregated material, or repackaged into zooplankton faecal pellets. This
is shown in the microscopic analysis of sediment trap material and source indicators (e.g. δ 13C
values, fatty acid biomarkers).
There are some limitations with this comparison between SETCOL and sediment trap material
carbon flux. Firstly, microphytoplankton community sedimentation was calculated based on the
number of individual cells. Therefore, this excluded the interaction between cells/ chains and
other PM present. The extent of interaction between cells/ chains was likely to be dependent on
cell densities and the morphology of species present. For example, interactions between cells
that have chitin spines and various spatial orientations including spirals (e.g. Chaetoceros spp.)
are more likely to aggregate than single cells. Secondly, the interaction with other particle types
(e.g. TEP, inorganic ballast material, repackaging of POM into faecal pellets) is not considered,
and will likely affect carbon flux. Thirdly, all experiments and calculations based in SETCOL
excludes turbulence, which in the natural environment will affect transport of PM and sedimen-
tation rates. The carbon flux of SPM calculated in SETCOL was in the absence of turbulence,
whereas sediment trap fluxes were calculated from samples affected by turbulence over a 24 hour
deployment period. Despite these limitations, SETCOL is a recognised method which is widely
used to investigate processes that are difficult to study in their natural environment (e.g. Bienfang
et al., 1982; Peperzak et al., 2003; Guo et al., 2016; Cavan et al., 2017). Additionally, regardless of
limitations on interactions between particles and their composition for understanding carbon flux,
the key message is that SPM has a lower contribution to carbon flux than sinking material.
6.4 Linking the biogeochemical composition to reactivity of particu-
late material
A key aim of this thesis was to determine the relationship between biogeochemical composition
of PM with reactivity since there are knowledge gaps between the form and composition of PM,
sedimentation rates, and reactivity. Many studies have investigated molecular-level biogeochemi-
cal composition of PM in a range of environments (e.g. Hedges et al., 1988b; Wakeham and Lee,
1989; Cowie and Hedges, 1992b; Lee et al., 2000; Ingalls et al., 2003; Wakeham et al., 2009; Ca-
van et al., 2018). Additionally, many studies have investigated the reactivity of POM collected via
sediment traps (e.g. Iversen et al., 2010; Iversen and Ploug, 2013; Boyd et al., 2015; McDonnell
et al., 2015; Cavan et al., 2017). However, Goutx et al. (2007) is the only known study which
links biogeochemical composition of marine particulate material to experimental determinations
of reactivity. The coupling of detailed biogeochemical composition and reactivity experiments in
this study provides invaluable information on how the seasonal shift in source material affects the
reactivity of different fractions of POM.
Chapter 4 highlights the biogeochemical differences observed between the sample types. Analysis
showed SPM from above and below the pycnocline were compositionally similar and dominated
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by labile compounds, including diatom associated intracellular amino acids (e.g. leucine, glu-
tamic acid, isoleucine) and polyunsaturated fatty acids (PUFA, e.g. 16:4(n-1), 18:2(n-6), 22:6(n-
3)). This depended on sampling date, as relative proportions of labile compounds decreased after
spring when the abundance of microphytoplankton also decreased and the relative proportion of
terrestrially derived material increased. Sediment trap material contained lower relative propor-
tions of labile material in comparison to SPM. Fatty acid composition was a key driver in deter-
mining compositional differences between SPM and sediment trap material, as trap material had
higher relative proportions of saturated fatty acids in contrast to SPM (SFA e.g. 16:0 and 18:0; as
shown in the PCA analysis). The lower relative proportions of labile compounds in sediment trap
material could be a result of its residence time in the water column as a result of resuspension and
sediment focusing. Due to the high energy environment at LY1, PM collected in sediment traps
could have undergone extensive degradation in the water column before its collection in traps.
Sediments were the most biogeochemically distinct out of all the sample types with higher rela-
tive proportions of cell wall associated amino acids (e.g. threonine, serine), monounsaturated fatty
acids (MUFA e.g. 20:1(n-7), 18:1(n-7)) and SFA. Bioturbation processes and resuspension events
are likely to have resulted in the biochemical differences between SPM, and to a lesser extent
sediment trap material. Additionally, the repackaging of sinking POM into faecal pellets could
created these biochemical differences. These differences were reflected in the reactivity of POM
in which experiments were carried out on SPM and sediment trap material. Generally, there were
statistical relationships with biogeochemical composition and reactivity of SPM and sediment trap
material (Chapter 5, Table 5.2). In agreement with biogeochemical compositional analysis, SPM
was more reactive than sediment trap material, except in winter. The similar reactivities of the
two PM fractions in winter was driven by the shift in source material to terrestrially dominated in
the SPM fraction. Other degradation indicators such as non-protein amino acids, and percentage
of total nitrogen represented as amino acids, indicated SPM and sediment trap material was less
labile during winter relative to earlier in the year. High rainfall and concentrations of lithogenic
tracer elements, coupled with low relative proportions of marine and terrestrially derived organic
material, further explain the refractory nature of POM at LY1 during winter.
Processes in the water column can affect particle dynamics, which in turn can affect PM fate in the
water column. For example, degradation will alter PM chemical composition and potentially den-
sity, which in turn could affect sedimentation rate. This is especially true for highly reactive PM,
such as the suspended fraction at LY1. Additionally, fragmentation of particles occurs as a result of
degradation or consumption by zooplankton, which would affect subsequent sedimentation rates
and particle export. These processes can affect the size and density of PM which are important
factors in determining PM sedimentation rates (Sanders et al., 2014). Slow-sinking particles (0.7
to 11 m d−1) comprise a major proportion of PM export as identified in open-ocean studies (e.g.
Riley et al., 2012; Baker et al., 2017; Cavan et al., 2017, 2018). However, SETCOL carbon flux
calculations suggest that slow-sinking SPM contributed little to the vertical flux at LY1 relative
to the amount of material that was captured in the traps. As previously mentioned, resuspension
and lateral advection of sediment is likely to constitute a major proportion of sediment trap ma-
terial. Furthermore, the slow-sinking, suspended PM at LY1 was the most reactive, meaning it is
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likely to undergo extensive chemical changes before it reaches greater depths. The particle types
between the suspended and sinking fraction were visually different, with high abundances of mi-
crophytoplankton in SPM and a higher proportion of aggregated material collected in sediment
traps (Figure 6.2). Additionally, there was a shift in sediment trap PM shape and size over the
sampling season from larger "fluffy" to small, compact aggregates. These changes could poten-
tially affect reactivity due to surface area available for bacterial colonisation, and more compact,
dense aggregates having a lower residence time in the water column. There was still evidence of
microphytoplankton present in sediment trap material. Aggregation with other slow-sinking PM
or ballast material could encourage the export of labile, slow-sinking PM to depth. The particle
dynamics at LY1 suggest vertical transport of labile SPM to the seafloor is inefficient. In turn this
will affect elemental distributions in the water column, and quantity and quality of food source
that reaches the benthos.
Site RE5 in Loch Etive provided a comparison of PM from an alternative location to compare
the biogeochemistry and reactivity to samples from LY1. Reactivity experiments highlighted that
sediment trap POM was 2.3 times more reactive at LY1 compared to RE5. This highlights the
large degree of spatial variablitity in carbon flux and reactivity, and there are many factors which
could explain the difference in reactivity between the two sites. Firstly, there were differences in
the environmental conditions between the sites with LY1 being an open, dynamic coastal system
in contrast to RE5 which is a sea loch with restricted exchange to the sea. Site LY1 is subject
to frequent mixing as a result of the strong currents and tidal environment. In contrast, site RE5
is a deep site which undergoes infrequent mixing, leading to stagnant deep water which is over-
turned approximately every 16 months (Edwards and Edelsten, 1977). These differences will
result in different water column structures and nutrient dynamics, which will ultimately affect the
microphytoplankton community composition. For example, during similar sampling dates in June
2016, microphytoplankton cell abundance was approximately 12 times higher than the abundance
at RE5. Additionally, dynamic conditions at LY1 favours resuspension of sediments, in contrast
to the stagnant isolated deep waters at RE5 which favours deposition. Secondly, the sediment
traps deployed at both sites were at different depths with LY1 deployed at 20 m and RE5 at 100
m. This depth difference means that PM collected at RE5 had a longer residence time in the
water column and subsequently could be more degraded. However, as previously discussed, PM
collected in sediment traps at LY1 could also have a high residence time in the water column as
a result of resuspension and lateral advection. Thirdly, the biogeochemical composition of PM
sampled from RE5 was distinctly different to LY1. Carbohydrates dominated the organic fraction
of PM, and SFA dominated the fatty acid fraction at RE5 (Chapter 5, Table 5.3). Lower relative
proportions of labile material when compared to LY1 (e.g. PUFA, intracellular amino acids) and
higher concentrations of lithogenic tracer element Mn, indicated that RE5 sediment trap material
was more refractory than LY1. Given, the lower microphytoplankton abundances observed at RE5
in comparison to LY1 (Chapter 2, Table 2.4), and the land-locked nature of the site, terrestrial
inputs could predominate over marine at RE5. Increasing relative proportions of terrestrially de-
rived material and decreasing relative proportions of more reactive marine derived material with
increasing depth, is a typical trend found at RE5 and other coastal sites (e.g. Cowie and Hedges,
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1992b; Loh, 2005). However, as previously discussed, LY1 does not follow this trend which is
likely to be a result of the dynamic environment which favours resuspension and lateral advection
processes. Fourthly, there were suboxic conditions at the restricted exchange environment site
during sample collection which could be responsible for the lower remineralisation rates of PM.
This could be a result of microbial respiration using alternative electron acceptors which are less
efficient in comparison to oxygenated waters, or low abundances of zooplankton which repackage
or fragment PM (Le Moigne et al., 2017). Differences between these study sites highlight how
PM composition and reactivity can change depending on environment. Additionally, it also shows
that despite cited trends that are typical for coastal settings, physical processes can dominate and
determine both the composition and distribution of PM.
6.5 Recommendations for future research
Further work which would complement the work carried out in this thesis includes:
• Microphytoplankton community sedimentation SETCOL experiments which are carried out
in parallel to roller table experiments using the same parcel of water to form aggregates.
This would enhance understanding of how seasonally changing microphytoplankton com-
munity dynamics affects aggregate formation and composition. Sedimentation rates of the
formed aggregates could also be measured in the SETCOL system to compare to original
microphytoplankton community bulk sedimentation rates.
• Cultured key microphytoplankton species (which would include Skeletonema and Chaeto-
ceros (coastal) spp. at LY1) grown under different conditions (e.g. nutrient, light, and
temperature) with the aim of investigating sedimentation rates in SETCOL. Biochemical
analysis (total protein, carbohydrate, and lipids) in relation to growth conditions, and their
influence on sedimentation rates could be studied. Different growth phases of the cultures,
which will have varying biochemical compositions, could be placed into SETCOLs to calcu-
late sedimentation rates. This would compliment the present study, and help with explaining
the complex interactions found in the natural environment.
• Bacterial modification of POM is known to result in attenuation of POM with depth (Herndl
and Reinthaler, 2013). Coupling PM biogeochemical composition analysis and reactivity
experiments to the colonisation and growth of particle-attached and free-living bacteria,
would provide valuable information on POM degradation and cycling. It would also deter-
mine how bacteria abundances change over a seasonal cycle, which will influence oxygen
consumption rates and therefore reactivity estimations.
• This study coupled with larger SETCOLs or Marine Snow Catchers to explicitly link PM
characteristics to biogeochemical composition and remineralisation rates. This apparatus
would allow me to carry out molecular-level analysis of POM samples that have been ex-
clusively split into suspended and sinking fractions. Access to larger quantities of sinking
material would allow the investigation of the role of faecal pellets in modifying the biochem-
cial composition of POM and influence on flux. Additionally, designing a larger SETCOL,
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which would have larger volumes per fraction, would have enabled me to take additional
measurements, to further understanding of mechanisms affecting sedimentation rates.
• Additional measures for future experimental set-ups would include understanding local cur-
rent regimes which can play a significant role in PM sedimentation. Deployment of current
meters would allow the comparison of fluxes, biogeochemical composition changes, and
determine the impact of lateral advection of PM. Additionally, including measurements of
sediment accumulation rates would also further understanding regarding the efficiency of
PM sedimentation from sediment trap 20 m deployments to the seafloor. Access to a higher
quantities of POM through utilisation of larger SETCOLs or Marine Snow Catchers would
enable analysis of other parameters such as compound-specific isotopes and further lipid
(n-alkanes, sterols) analysis. Other measurements I think would be key in determining ter-
restrial influence on PM would be the analysis of lignin. Given the large difference in the
relative proportions of terrestrial inputs into SPM versus sediment trap material based on
δ 13C values, lignin analysis could be used to corroborate the proportions of marine versus
terrestrially derived material.
This thesis has furthered understanding on key areas of the BCP; microphytoplankton community
sedimentation rates which form an important component of the sinking POM flux, the biogeo-
chemical characterisation of different fractions of PM, and linking POM composition to reactivity
to help determine the fate of POM in the water column. Achieving a holistic understanding of
the BCP is essential but difficult given the numerous and interrelated processes affecting its func-
tioning. However, studying these small components of the BCP is critical in order to build up a
holistic understanding from which future changes can be assessed.
Appendix A
Environmental characterisation of a western
Scotland coastal site






















































































































(a) Temperature, ⁰C (d) Temperature, ⁰C
(b) Salinity, psu (e) Salinity, psu
(c) Density, kg m3 (f) Density, kg m3
Figure A.1: Full water column profiles of temperature (◦C), salinity (psu), and density (kg m3)
























































Table A.1: Seasonal distribution of key microphytoplankton taxa sampled from above (A) and below (B) the pycnocline during 2015. X indicates presence and
black triangles (N) peaks in abundance. The predominant taxa per date and depth, and maximum number of cells L−1 are recorded. S: Skeletonema spp., C:
Chaetoceros spp. (coastal), Pd: Pseudo-nitzschia delicatissima, K: Katodinium spp., Gm: Gymnodinium spp., Sc: Scrippsiella spp., Pt: Protoperidinium spp., Pr:
Prorocentrum spp., Gr: Gyrodinium spp.
20/3/15 7/4/15 15/4/15 5/5/15 13/5/15 11/6/15 6/7/15 18/8/15 15/9/15 27/10/15 Max. cells x 105 L−1
A B A B A B A B A B A B A B A B A B A B A B
Diatoms
Skeletonema spp. X X N N X X X X X X X X X X X X X X X X 41.5 19.9
Chaetoceros spp. (Coast) X X X X X X X X X X N N X X X X X X X X 42.7 19.8
Thalassiosira spp. X X X X N N X X X X X X X X X X X X X X 3.3 1.8
P. delictissima X X X X X X X X X X X X N X X X X N X X 1.2 1.1
Chaetoceros spp. (Ocean) X X X X X X N N X X X X X X X 0.3 0.03
L. minimus X X X X X X X X N N X X X X X 0.4 0.2
L. danicus X X X X X X X X X X N X X X X N X X 0.2 0.05
Dactyliosolen spp. X X X X X X N N X X X X X X X 0.03 0.03
Guardinia spp. X X X X X X X X X N N X X X X X X X 0.3 0.4
P.seriata X X X X N N X X 0.05 0.09
Paralia spp. X X X X X X X X X X X X X X X X N N 0.005 0.006
Navicula spp. X X X X X X X X X X X X X X X X X X N N 0.007 0.003
Lauderia spp. X X X X N X X X X X X X X X N 0.02 0.02
Pleurosigma spp. X X X N N X X X X X X X X X X X X X X X 0.03 0.001
Asterionellopsis spp. X X X N N X X X X X X 0.2 0.07
Thallassionema spp. X X X X X X X X X X N N 0.005 0.006
Predominant diatom S S S S S S S S S C C C S S S S S Pd S S
Dinoflagellate
Katodinum spp. X X X X N N X X X X X X X X X X X X X X 0.1 0.07
Scripsiella spp. X X X X X X X X X N X X X X N X X X X X 0.03 0.01
Gyrodinium spp. X X X X N N X X X X X X X X X X X X X X 0.01 0.02
Prorocentrum spp. X X X X X X X X X X N N X X X X X X X X 0.007 0.006
Gymnodinium spp. X X X X X X X X X X X N X X X X X N X 0.006 0.009
Heterocapsa spp. X X X N X X N X X X X X X X X X X X X X 0.004 0.004
Ceratium spp. X X X X X X X X X N N X X X X 0.0004 0.004
Protoperidinium spp. X X X X N X X X X X X N X X X X X X X X 0.009 0.005























































Table A.2: Seasonal distribution of key microphytoplankton taxa sampled from above (A) and below (B) the pycnocline during 2016. X indicates presence and black
triangles (N) peaks in abundance. The predominant taxa per date and depth, and maximum number of cells L−1 are recorded. S: Skeletonema spp., C: Chaetoceros
spp. (coastal), Ps: Pseudo-nitzschia seriata, Pr: Prorocentrum spp., Gr: Gyrodinium spp., Pt: Protoperidinium spp., K: Katodinium spp., Sc: Scrippsiella spp., He:
Heterocapsa spp.
30/3/16 6/4/16 16/5/16 1/6/16 5/7/16 1/8/16 15/8/16 13/9/16 10/10/16 7/11/16 Max. cells L−1
A B A B A B A B A B A B A B A B A B A B A B
Diatoms
Skeletonema spp. N X X N X X X X X X X X X X X X X X X X 48.2 29.7
Chaetoceros spp. (Coast) X X X X X X N N X X X X X X X X X X X X 23.5 15.0
Thalassiosira spp. N N X X X X X X X X X X X X X X X X X X 1.1 0.5
P. delictissima N X X N X X X X X X X X X X X X X X X X 0.3 0.2
Chaetoceros spp. (Ocean) X X X X N X N X X X X 0.005 0.003
L. minimus X X X X N N X X X X X X X X X X X 0.9 0.7
L. danicus X X X X X X N N X X X X X X X X 1.2 0.5
Dactyliosolen spp. X X X X N N X X X X X X X X 0.008 0.03
Guardinia spp. X X X X X X X X N X X N X X X X X 0.08 0.06
P.seriata X X X X X X X X N N X X X X X X X X X X 0.8 0.4
Paralia spp. X X X X X X X X X X X X X X X X N N X 0.01 0.007
Navicula spp. X X X X X X X N X X X X X X N X X X X X 0.006 0.003
Lauderia spp. N X X X X X X N 0.02 0.01
Pleurosigma spp. X X X X X X X X X X N N X X X X X X X X 0.0007 0.001
Asterionellopsis spp. X X N N X X X X X 0.02 0.02
Thallassionema spp. X X X X N N 0.02 0.005
Predominant diatom S S S S C C C C Ps Ps S S C C S S S S S S
Dinoflagellate
Katodinum spp. X X X X N N X X X X X X X X X X X X X X 0.01 0.02
Scripsiella spp. X X X X X X X X X N X X X X N X X X X X 0.2 0.04
Gyrodinium spp. X X X X N N X X X X X X X X X X X X X X 0.02 0.005
Prorocentrum spp. X X X X X X X X X X N N X X X X X X X X 0.01 0.02
Gymnodinium spp. X X X X X X X X X X X N X X X X X N X 0.02 0.01
Heterocapsa spp. X X X N X X N X X X X X X X X X X X X X 0.02 0.009
Ceratium spp. X X X X X X X X X N N X X X X 0.002 0.0003
Protoperidinium spp. X X X X N X X X X X X N X X X X X X X X 0.01 0.01
Predominant dinoflag. Pr Gr Pt Pr K K Pt K Sc Sc Sc Sc Sc K Sc K Sc Sc He He
Appendix B
Seasonal microplankton community
sedimentation linked to environmental and
biochemical drivers































































































































































Figure B.2: Chain length and sedimentation rate (m d−1) over each sampling date in spring (green; days 90, 97, 137, 153), summer (orange; days 187, 214, 228,





























































































































































Figure B.3: Chain length and sedimentation rate (m d−1) over each sampling date in spring (green; days 90, 97, 137, 153), summer (orange; days 187, 214, 228,
257), and winter (grey; day 284, 312) 2016 from samples taken below the pycnocline. On each plot are lines of best fit (linear) and regression statistics (r2)
Appendix C
Seasonal biogeochemical composition of marine
particulate material at sequential stages of
transport
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Table C.1: Precision information for particulate organic carbon and nitrogen analysis on sus-
pended particulate material (SPM) from above and below the pycnocline
TN Mean SD Precision TOC Mean SD Precision 13C Mean SD Precision
µg ml−1 µg ml−1 % µg ml−1 µg ml−1 % h h %
SPM above
30/03/16 0.06 0.06 0.00 4.97 0.35 0.36 0.01 2.89 -21.55 -21.29 0.36 -1.71
30/03/16 0.06 0.36 -21.04
06/04/16 0.04 0.04 0.00 6.29 0.24 0.24 0.01 3.30 -20.67 -20.68 0.01 -0.03
06/04/16 0.04 0.23 -20.68
16/05/16 0.04 0.05 0.01 22.59 0.23 0.26 0.04 14.80 -21.12 -21.12 0.00 -0.01
16/05/16 0.05 0.28 -21.12
01/06/16 0.05 0.05 0.00 2.61 0.29 0.29 0.01 2.15 -20.33 -20.76 0.61 -2.92
01/06/16 0.05 0.29 -21.19
18/07/16 0.08 0.08 0.00 0.69 0.44 0.47 0.05 9.80 -21.69 -22.61 1.30 -5.74
18/07/16 0.08 0.51 -23.53
01/08/16 0.06 0.06 0.00 0.67 0.37 0.38 0.00 1.25 -21.98 -22.10 0.17 -0.78
01/08/16 0.06 0.38 -22.22
15/08/16 0.06 0.06 0.00 5.26 0.33 0.31 0.03 9.47 -23.47 -23.82 0.49 -2.07
15/08/16 0.05 0.29 -24.17
14/09/16 0.04 0.05 0.01 20.46 0.22 0.29 0.09 30.94 -23.71 -25.07 1.92 -7.65
14/09/16 0.05 0.35 -26.42
11/10/16 0.05 0.05 0.00 0.12 0.35 0.30 0.07 21.91 -25.98 -25.34 0.91 -3.57
11/10/16 0.05 0.26 -24.70
07/11/16 0.03 0.03 0.00 2.28 0.18 0.18 0.00 2.41 -25.11 -24.55 0.79 -3.20
07/11/16 0.03 0.19 -24.00
SPM below
30/03/16 0.03 0.03 0.00 3.09 0.20 0.20 0.00 2.40 -21.52 -21.50 0.04 -0.19
30/03/16 0.03 0.20 -21.47
06/04/16 0.03 0.09 0.08 94.37 0.20 0.47 0.39 81.19 -20.74 -20.50 0.33 -1.63
06/04/16 0.15 0.75 -20.27
16/05/16 0.04 0.04 0.00 4.90 0.23 0.22 0.01 4.40 -20.11 -20.08 0.04 -0.19
16/05/16 0.04 0.22 -20.06
01/06/16 0.06 0.06 0.00 2.15 0.30 0.32 0.02 6.15 -21.67 -21.47 0.29 -1.37
01/06/16 0.06 0.33 -21.26
18/07/16 0.04 0.04 0.00 11.30 0.21 0.21 0.00 0.98 -22.83 -24.06 1.74 -7.24
18/07/16 0.04 0.21 -25.29
01/08/16 0.04 0.04 0.00 0.14 0.22 0.22 0.00 1.39 -21.98 -22.11 0.18 -0.81
01/08/16 0.04 0.22 -22.23
15/08/16 0.03 0.03 0.00 9.46 0.17 0.15 0.02 12.95 -23.16 -23.69 0.75 -3.17
15/08/16 0.03 0.14 -24.22
14/09/16 0.04 0.04 0.00 7.41 0.21 0.22 0.01 6.59 -24.70 -24.27 0.61 -2.53
14/09/16 0.04 0.23 -23.83
11/10/16 0.04 0.04 0.00 9.15 0.21 0.21 0.01 4.37 -24.32 -24.13 0.27 -1.11
11/10/16 0.04 0.22 -23.94
07/11/16 0.03 0.03 0.00 3.14 0.17 0.17 0.01 4.08 -25.50 - - -
07/11/16 0.03 0.16 - - -
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Table C.2: Precision information for particulate organic carbon and nitrogen analysis on sedi-
ment trap and sediment material
TN Mean SD Precision OC Mean SD Precision 13C Mean SD Precision
mg g−1 mg g−1 % mg g−1 mg g−1 % h h %
Sediment trap
31/03/16 12.78 9.54 4.58 47.99 105.4 81.12 34.32 42.30 - - - -
31/03/16 6.30 56.9 - - - -
07/04/16 4.34 3.40 1.33 39.04 37.5 28.04 13.42 47.86 -21.06 -21.01 0.07 -0.31
07/04/16 2.46 18.6 -20.96
17/05/16 6.37 4.73 2.32 49.10 51.3 38.12 18.61 48.82 -23.45 -23.65 0.28 -1.20
17/05/16 3.09 25.0 -23.85
02/06/16 1.87 6.63 6.73 101.49 13.5 47.93 48.62 101.45 -21.84 -21.89 0.07 -0.31
02/06/16 11.40 82.3 -21.93
06/07/16 8.38 7.99 0.55 6.85 67.7 64.14 5.00 7.80 -19.27 - - -
06/07/16 7.60 60.6 - - - -
02/08/16 4.83 4.80 0.03 0.66 38.6 39.89 1.79 4.48 -20.14 -20.61 0.67 -3.25
02/08/16 4.78 41.2 -21.08
16/08/16 3.69 3.82 0.19 4.84 34.8 33.61 1.64 4.88 -20.16 -20.00 0.22 -1.09
16/08/16 3.95 32.4 -19.85
14/09/16 5.39 4.92 0.67 13.57 49.1 42.39 9.45 22.30 -22.72 - - -
14/09/16 4.44 35.7 - - - -
11/10/16 6.53 7.47 1.34 17.87 44.8 53.11 11.68 22.00 -21.05 -21.00 0.07 -0.32
11/10/16 8.42 61.4 -20.95
08/11/16 2.21 2.13 0.12 5.87 14.2 13.37 1.14 8.55 -22.15 -22.29 0.20 -0.90
08/11/16 2.04 12.6 -22.43
Sediment
30/03/16 0.73 0.83 0.15 17.60 6.16 6.94 1.10 15.85 - - - -
30/03/16 0.94 7.71 - - - -
06/04/16 0.99 1.05 0.08 7.46 8.07 8.49 0.59 6.99 -21.60 -21.54 0.08 -0.36
06/04/16 1.10 8.91 -21.49
16/05/16 1.92 2.21 0.42 18.77 14.93 17.20 3.20 18.60 -21.28 -21.12 0.23 -1.08
16/05/16 2.51 19.46 -20.96
01/06/16 1.04 1.44 0.56 39.05 8.41 11.56 4.46 38.58 -21.23 - - -
01/06/16 1.84 14.72 - - - -
05/07/16 1.76 1.68 0.11 6.78 14.03 13.29 1.03 7.78 -21.21 -21.31 0.14 -0.64
05/07/16 1.60 12.56 -21.40
18/07/16 2.32 2.75 0.59 21.66 18.36 21.48 4.41 20.54 -21.00 -20.94 0.08 -0.39
18/07/16 3.17 24.59 -20.88
01/08/16 2.75 2.68 0.11 4.05 21.10 20.78 0.45 2.17 -20.67 -20.79 0.17 -0.81
01/08/16 2.60 20.46 -20.91
15/08/16 1.67 1.79 0.17 9.73 13.11 13.99 1.26 8.98 -21.30 -21.36 0.09 -0.42
15/08/16 1.92 14.88 -21.42
30/08/16 2.00 2.20 0.28 12.73 15.87 17.39 2.15 12.36 -21.26 -21.10 0.23 -1.07
30/08/16 2.40 18.91 -20.94
13/09/16 1.93 1.59 0.48 30.16 15.38 12.66 3.84 30.30 -21.40 -21.36 0.06 -0.29
13/09/16 1.25 9.95 -21.31
10/10/16 1.55 1.54 0.01 0.90 12.34 12.28 0.09 0.73 -21.60 -21.44 0.22 -1.03
10/10/16 1.53 12.22 -21.28
07/11/16 2.29 2.32 0.05 2.30 18.00 18.75 1.06 5.64 -21.05 - - -
07/11/16 2.36 19.50 - - - -
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Table C.3: Precision information for amino acids (AA) analysis on suspended particulate mate-
rial (SPM) from above and below the pycnocline
AA Mean SD Precision
ng ml−1 ng ml−1 %
SPM above
30/03/16 258.15 - - -
06/04/16 191.58 - - -
16/05/16 210.87 185.23 36.25 19.57
16/05/16 159.60
01/06/16 213.62 - - -
06/07/16 129.31 - - -
18/07/16 326.69 - - -
01/08/16 196.37 204.50 12.81 6.26
01/08/16 197.87
01/08/16 219.27
15/08/16 146.43 145.62 1.15 0.79
15/08/16 144.80
14/09/16 136.08 140.54 5.45 3.88
14/09/16 138.94
14/09/16 146.62




30/03/16 121.16 - - -
06/04/16 131.98 - - -
16/05/16 169.06 - - -
01/06/16 217.76 - - -
06/07/16 94.75 - - -
18/07/16 130.82 142.91 17.10 11.96
18/07/16 155.00
01/08/16 138.98 134.25 9.72 7.24
01/08/16 140.70
01/08/16 123.07
15/08/16 113.29 91.90 18.68 20.32
15/08/16 83.56
15/08/16 78.84
14/09/16 144.52 136.07 7.36 5.41
14/09/16 132.62
14/09/16 131.07
11/10/16 113.01 121.19 7.30 6.03
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Table C.3: continued
AA Mean SD Precision
ng ml−1 ng ml−1 %
11/10/16 123.48
11/10/16 127.07
07/11/16 62.35 - - -
Table C.4: Precision information for amino acids (AA) analysis on sediment trap and sediment
samples
AA Mean SD Precision
mg g−1 mg g−1 %
Sediment trap
31/03/16 35.70 - - -
07/04/16 1.97 8.64 8.79 101.69
07/04/16 5.36
07/04/16 18.60
17/05/16 7.98 41.24 47.04 114.06
17/05/16 74.50




06/07/16 26.56 22.98 3.11 13.54
06/07/16 21.39
06/07/16 20.98






16/08/16 9.31 12.63 2.92 23.14
16/08/16 14.83
16/08/16 13.74
14/09/16 14.94 16.35 2.76 16.88
14/09/16 19.53
14/09/16 14.58
10/10/16 13.89 15.65 1.56 9.96
10/10/16 16.23
10/10/16 16.84
07/11/16 12.49 18.21 5.03 27.63
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Table C.4: continued
AA Mean SD Precision




30/03/16 2.64 2.82 0.16 5.82
30/03/16 2.96
30/03/16 2.86
06/04/16 2.54 2.55 0.23 8.96
06/04/16 2.79
06/04/16 2.33
16/05/16 5.63 6.40 0.67 10.50
16/05/16 6.83
16/05/16 6.75
01/06/16 3.30 4.91 1.49 30.27
01/06/16 5.20
01/06/16 6.23
06/07/16 6.08 5.29 1.13 21.36
06/07/16 4.49
19/07/16 5.79 6.17 0.54 8.73
19/07/16 6.55
01/08/16 6.25 6.08 0.16 2.69
01/08/16 6.07
01/08/16 5.93
15/08/16 5.20 5.38 0.25 4.74
15/08/16 5.56
13/09/16 5.19 4.27 1.18 27.58
13/09/16 2.94
13/09/16 4.68
10/10/16 4.73 4.59 0.31 6.66
10/10/16 4.24
10/10/16 4.80
07/11/16 5.48 5.55 0.10 1.79
07/11/16 5.62
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Table C.5: Precision information for total fatty acids (TFA) analysis on suspended particulate
material (SPM) from above and below the pycnocline
TFA Mean SD Precision
µg ml−1 µg ml−1 %
SPM above
30/03/16 0.03 0.04 0.01 38.84
30/03/16 0.05
06/04/16 0.01 0.01 0.00 8.15
06/04/16 0.01
16/05/16 0.02 0.02 0.00 17.66
16/05/16 0.01
01/06/16 0.02 0.02 0.00 0.70
01/06/16 0.02
05/07/16 0.01 0.01 0.00 4.50
05/07/16 0.01
18/07/16 0.03 0.03 0.00 7.19
18/07/16 0.03
01/08/16 0.03 0.03 0.00 7.11
01/08/16 0.03
15/08/16 0.02 0.03 0.00 7.38
15/08/16 0.03
13/09/16 0.02 0.02 0.00 19.96
13/09/16 0.02
10/10/16 0.02 0.02 0.00 7.42
10/10/16 0.02
07/11/16 0.01 0.01 0.00 1.36
07/11/16 0.01
SPM below
30/03/16 0.02 0.02 0.01 25.70
30/03/16 0.02
06/04/16 0.02 0.01 0.00 22.05
06/04/16 0.01
16/05/16 0.01 0.02 0.01 51.15
16/05/16 0.03
01/06/16 0.02 0.01 0.01 38.14
01/06/16 0.01
05/07/16 0.01 0.01 0.00 6.46
05/07/16 0.01
18/07/16 0.01 0.01 0.00 2.70
18/07/16 0.01
01/08/16 0.02 0.01 0.00 15.34
01/08/16 0.01
15/08/16 0.01 0.02 0.01 42.97
15/08/16 0.02
13/09/16 0.01 0.02 0.01 29.46
13/09/16 0.02
10/10/16 0.01 0.01 0.00 9.45
10/10/16 0.01
07/11/16 0.02 0.02 0.01 28.45
07/11/16 0.02
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Table C.6: Precision information for total fatty acids (TFA) analysis on sediment trap samples
TFA Mean SD Precision
mg g−1 mg g−1 %
Sediment trap
31/03/16 2.29 2.45 0.23 9.50
31/03/16 2.61
07/04/16 6.53 4.33 3.12 72.08
07/04/16 2.12
17/05/16 2.62 2.69 0.09 3.53
17/05/16 2.75
02/06/16 3.63 2.87 1.08 37.76
02/06/16 2.10
06/07/16 1.03 0.98 0.07 7.26
06/07/16 0.93
02/08/16 0.90 1.01 0.15 14.63
02/08/16 1.11
16/08/16 3.68 2.71 1.37 50.67
16/08/16 1.74
14/09/16 1.32 1.11 0.30 27.23
14/09/16 0.90
11/10/16 1.06



















































































Table C.7: Concentration (ng ml−1) ± SD composition of amino acids in suspended particulate material (SPM) samples collected from above and below the
pycnocline from site LY1 during 2016. ASP, aspartic acid; GLU, glutamic acid; SER, serine; HIS, histidine; GLY, glycine; THR, threonine; ARG, arginine; ALA,
alanine; BALA, β -alanine; TYR, tyrosine; GABA, γ-aminobutyric acid; MET, methionine; VAL, valine; PHE, phenylalanine; ILEU, isoleucine; LEU, leucine;
ORN, ornithine; LYS, lysine
SPM above and below the pycnocline individual amino acid concentrations (ng ml−1)
ASP GLU SER HIS GLY THR ARG ALA BALA TYR GABA MET VAL PHE ILEU LEU ORN LYS
Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD
SPM above
30/03/2016 22.0 - 44.5 - 9.5 - 4.4 - 17.0 - 13.2 - 15.9 - 21.3 - 0.7 - 7.4 - 0.0 - 0.2 - 16.6 - 14.9 - 15.1 - 22.6 - 0.8 - 32.0 -
06/04/2016 11.7 - 29.9 - 8.4 - 3.7 - 14.0 - 11.0 - 12.9 - 16.4 - 0.3 - 4.8 - 0.0 - 0.6 - 13.3 - 12.0 - 12.2 - 18.4 - 0.3 - 21.6 -
16/05/2016 16.1 1.6 32.5 3.0 8.1 4.3 1.2 0.9 12.2 6.6 8.2 3.1 11.3 5.7 11.6 7.0 0.3 0.4 5.3 2.3 0.0 0.0 1.9 0.6 13.9 0.4 11.9 0.1 12.5 0.5 17.3 1.5 0.3 0.0 20.5 0.0
01/06/2016 5.5 - 29.4 - 10.7 - 2.4 - 16.2 - 10.9 - 16.3 - 19.4 - 0.5 - 7.2 - 0.0 - 2.8 - 16.4 - 13.9 - 14.4 - 21.8 - 0.3 - 25.5 -
05/07/2016 3.5 - 19.6 - 6.1 - 3.1 - 9.5 - 5.9 - 9.6 - 11.4 - 0.5 - 3.9 - 0.0 - 0.9 - 9.4 - 7.7 - 8.0 - 12.6 - 0.2 - 17.3 -
18/07/2016 8.8 - 48.4 - 15.5 - 6.4 - 26.0 - 15.6 - 23.4 - 29.0 - 1.5 - 11.9 - 0.1 - 4.7 - 23.4 - 19.7 - 19.9 - 31.4 - 0.4 - 40.6 -
01/08/2016 16.2 3.1 29.8 2.4 8.8 0.9 1.8 0.8 13.8 0.1 9.0 0.9 14.0 0.5 14.8 2.1 0.3 0.2 6.9 0.6 0.1 0.0 3.1 0.8 13.3 0.9 9.0 4.0 11.3 0.6 17.6 0.9 0.3 0.1 34.5 11.2
15/08/2016 13.2 0.6 28.2 0.5 2.7 0.1 0.8 0.0 6.6 0.4 3.9 0.0 6.7 0.2 9.2 0.5 0.8 0.1 3.3 0.0 0.1 0.0 1.5 0.9 6.6 0.1 10.7 0.2 11.1 0.2 17.3 0.3 0.6 0.2 22.3 0.9
14/09/2016 9.8 1.2 21.8 1.1 5.5 1.3 1.9 0.2 15.3 0.9 6.0 0.7 8.0 1.1 10.4 0.4 1.3 0.2 5.0 0.7 0.1 0.0 0.7 0.2 8.2 0.1 7.2 0.3 7.5 0.2 12.3 0.2 0.4 0.3 19.1 10.9
10/10/2016 10.2 1.3 23.9 2.0 7.8 1.5 1.4 0.4 15.3 1.2 7.4 0.8 9.7 0.7 14.5 3.6 1.3 0.1 7.2 2.4 0.1 0.0 1.6 0.8 8.8 0.3 7.6 0.4 7.9 0.4 12.5 1.4 0.3 0.0 13.8 0.7
SPM below
30/03/2016 8.3 - 17.0 - 5.9 - 1.5 - 9.9 - 6.7 - 7.8 - 10.2 - 0.4 - 3.4 - 0.0 - 1.0 - 8.3 - 7.2 - 7.5 - 11.3 - 0.5 - 14.3 -
06/04/2016 7.8 - 21.8 - 6.4 - 1.8 - 9.9 - 7.5 - 9.1 - 11.1 - 0.3 - 3.7 - 0.0 - 1.1 - 9.0 - 8.0 - 8.1 - 12.4 - 0.3 - 13.7 -
16/05/2016 16.7 - 26.5 - 8.3 - 2.5 - 10.9 - 8.0 - 12.3 - 13.7 - 0.3 - 5.5 - 0.0 - 2.1 - 11.5 - 9.7 - 10.1 - 15.2 - 0.2 - 15.5 -
01/06/2016 7.5 - 34.2 - 12.5 - 2.0 - 18.8 - 11.8 - 17.1 - 18.6 - 0.5 - 7.8 - 0.0 - 2.4 - 15.5 - 13.7 - 13.8 - 20.9 - 0.2 - 20.4 -
05/07/2016 2.6 - 14.5 - 4.3 - 4.3 - 7.1 - 4.2 - 7.0 - 8.1 - 0.5 - 3.0 - 0.0 - 0.4 - 6.9 - 5.5 - 5.7 - 8.9 - 0.3 - 11.6 -
18/07/2016 14.5 6.5 23.8 6.2 7.0 0.6 4.9 3.3 11.2 0.9 6.1 0.2 9.5 0.6 10.7 0.1 0.7 0.4 4.6 0.6 0.0 0.0 1.0 1.0 8.8 0.4 5.2 3.2 7.4 0.4 12.0 0.5 0.3 0.2 15.1 0.9
01/08/2016 9.7 0.5 19.2 1.0 6.0 1.2 1.9 0.4 9.5 0.7 5.7 0.1 9.3 0.8 9.4 1.1 0.2 0.1 3.6 0.6 0.0 0.0 0.5 0.6 8.5 0.2 5.9 2.5 7.3 0.1 11.4 0.2 0.2 0.1 25.8 12.3
15/08/2016 7.2 2.3 14.5 3.2 3.6 0.8 1.0 0.3 8.3 1.7 4.4 1.0 6.4 1.3 8.0 1.5 0.8 0.1 3.4 0.8 0.1 0.0 1.3 0.3 5.8 1.0 4.7 0.8 5.0 0.9 8.0 1.3 0.2 0.1 9.2 1.6
14/09/2016 10.8 0.2 22.5 0.9 7.5 0.6 1.6 0.4 16.0 1.9 6.6 0.5 8.5 0.6 10.4 0.6 1.1 0.0 5.5 0.3 0.1 0.0 1.2 0.8 7.4 0.2 6.8 0.3 6.9 0.2 11.7 0.5 0.3 0.1 11.1 0.6
11/10/2016 7.0 0.7 19.1 1.1 9.1 0.7 0.7 0.2 14.1 1.1 6.7 0.5 6.7 0.4 11.2 0.4 0.1 0.0 8.6 0.6 0.1 0.0 0.8 0.2 6.1 0.4 5.7 0.5 6.0 0.5 8.9 0.8 0.2 0.0 10.1 0.5


















































































Table C.8: Mole percentages ± SD composition of amino acids in suspended particulate material (SPM) above and below the pycnocline from site LY1 during
2016. ASP, aspartic acid; GLU, glutamic acid; SER, serine; HIS, histidine; GLY, glycine; THR, threonine; ARG, arginine; ALA, alanine; BALA, β -alanine; TYR,
tyrosine; GABA, γ-aminobutyric acid; MET, methionine; VAL, valine; PHE, phenylalanine; ILEU, isoleucine; LEU, leucine; ORN, ornithine; LYS, lysine; DI,
degradation index
Date mole % DI
ASP GLU SER HIS GLY THR ARG ALA BALA TYR GABA MET VAL PHE ILEU LEU ORN LYS
SPM above
30/03/2016 8.1 14.8 4.4 1.4 11.1 5.4 4.5 11.7 0.4 2.0 0.01 0.08 6.9 4.4 5.6 8.4 0.2 10.7 1.3
06/04/2016 5.7 13.2 5.2 1.5 12.2 6.0 4.8 12.0 0.2 1.7 0.0 0.3 7.4 4.7 6.1 9.1 0.1 9.6 1.4
16/05/2016 8.4 ± 1.1 15.4 ± 2.1 5.1 ± 1.7 0.5 ± 0.3 10.7 ± 3.6 4.6 ± 0.7 4.3 ± 1.3 8.5 ± 3.5 0.2 ± 0.2 1.9 ± 0.4 0.02 ± 0.0 0.9 ± 0.1 8.4 ± 2.1 5.1 ± 1.1 6.7 ± 1.8 9.2 ± 1.3 0.1 ± 0.1 9.9 ± 2.2 1.8 ± 0.9
01/06/2016 2.4 11.6 5.9 0.9 12.6 5.3 5.4 12.7 0.4 2.3 0.02 1.1 8.1 4.9 6.4 9.7 0.1 10.2 1.7
05/07/2016 2.6 12.9 5.6 1.9 12.3 4.8 5.3 12.4 0.6 2.1 0.04 0.6 7.8 4.5 5.9 9.3 0.1 11.4 1.8
18/07/2016 2.5 12.5 5.6 1.6 13.2 5.0 5.1 12.4 0.6 2.5 0.03 1.2 7.6 4.5 5.8 9.1 0.1 10.6 1.8
01/08/2016 7.5 ± 1.3 12.6 ± 0.6 5.2 ± 0.4 0.7 ± 0.3 11.4 ± 0.5 4.7 ± 0.5 5.0 ± 0.2 10.3 ± 1.6 0.2 ± 0.2 2.4 ± 0.1 0.1 ± 0.0 1.3 ± 0.4 7.0 ± 0.5 3.4 ± 1.5 5.3 ± 0.3 8.3 ± 0.4 0.1 ± 0.1 14.6 ± 4.5 1.3 ± 0.3
15/08/2016 8.9 ± 0.3 17.2± 0.1 2.3 ± 0.1 0.5 ± 0.0 7.9 ± 0.4 3.0 ± 0.0 3.5 ± 0.1 9.2 ± 0.4 0.8 ± 0.1 1.6 ± 0.0 0.1 ± 0.0 0.9 ± 0.6 5.0 ± 0.0 5.8 ± 0.0 7.6 ± 0.0 11.8 ± 0.1 0.3 ± 0.1 13.7 ± 0.8 2.9 ± 0.2
14/09/2016 6.4 ± 0.9 12.9 ± 0.9 4.6 ± 1.1 1.1 ± 0.1 17.8 ± 1.5 4.4 ± 0.6 4.0 ± 0.6 10.2 ± 0.6 1.3 ± 0.1 2.4 ± 0.4 0.1 ± 0.0 0.4 ± 0.1 6.1 ± 0.1 3.8 ± 0.0 5.0 ± 0.0 8.2 ± 0.1 0.2 ± 0.1 11.3 ± 6.2 1.2 ± 0.2
10/10/2016 6.2 ± 0.7 13.0 ± 0.8 6.0 ± 0.8 0.7 ± 0.3 16.3 ± 1.3 5.0 ± 0.3 4.5 ± 0.2 13.0 ± 3.0 1.2 ± 0.1 3.2 ± 1.0 0.1 ± 0.0 0.9 ± 0.4 6.0 ± 0.1 3.7 ± 0.2 4.8 ± 0.1 7.7 ± 0.9 0.2 ± 0.0 7.6 ± 0.1 1.0 ± 0.2
SPM below
30/03/2016 6.4 11.8 5.7 1.0 13.5 5.8 4.6 11.7 0.4 1.93 0.03 0.7 7.2 4.5 5.8 8.8 0.3 10.0 1.2
06/04/2016 5.6 14.0 5.7 1.1 12.5 6.0 4.9 11.8 0.3 1.9 0.01 0.7 7.3 4.6 5.8 8.9 0.2 8.8 1.3
16/05/2016 9.4 13.4 5.9 1.2 10.8 5.0 5.3 11.4 0.3 2.3 0.03 1.0 7.3 4.4 5.7 8.6 0.1 7.9 1.3
01/06/2016 3.2 13.2 6.8 0.7 14.2 5.6 5.6 11.9 0.3 2.5 0.03 0.9 7.5 4.7 6.0 9.1 0.1 7.9 1.5
05/07/2016 2.6 13.0 5.4 3.6 12.5 4.7 5.3 12.0 0.7 2.2 0.02 0.4 7.8 4.4 5.7 9.0 0.2 10.5 2.1
18/07/2016 9.3 ± 3.3 14.1 ± 2.3 5.9 ± 1.1 2.7 ± 1.6 13.2 ± 2.3 4.5 ± 0.6 4.8 ± 0.8 10.6 ± 0.9 0.7 ± 0.5 2.3 ± 0.5 0.02 ± 0.0 0.6 ± 0.6 6.5 ± 0.4 2.7 ± 1.4 5.0 ± 0.2 8.0 ± 0.5 0.2 ± 0.1 9.1 ± 0.3 1.3 ± 0.4
01/08/2016 6.9 ± 0.7 12.4 ± 1.2 5.4 ± 1.4 1.2 ± 0.3 12.0 ± 1.5 4.6 ± 0.3 5.0 ± 0.7 10.0 ± 1.7 0.2 ± 0.2 1.8 ± 0.2 0.04 ± 0.0 0.3 ± 0.4 6.8 ± 0.5 3.3 ± 1.3 5.3 ± 0.3 8.2 ± 0.6 0.1 ± 0.0 16.4 ± 7.3 1.2 ± 0.4
15/08/2016 7.1 ± 0.8 13.2 ± 0.3 4.6 ± 0.2 0.9 ± 0.1 14.9 ± 0.1 4.9 ± 0.1 4.9 ± 0.1 12.0 ± 0.2 1.2 ± 0.2 2.5 ± 0.2 0.1 ± 0.0 1.2 ± 0.1 6.7 ± 0.2 3.8 ± 0.1 5.1 ± 0.1 8.2 ± 0.3 0.2 ± 0.1 8.5 ± 0.8 1.1 ± 0.1
14/09/2016 7.2 ± 0.3 13.6 ± 0.3 6.3 ± 0.2 0.9 ± 0.2 18.9 ± 1.2 4.9 ± 0.1 4.3 ± 0.1 10.4 ± 0.3 1.1 ± 0.1 2.7 ± 0.1 0.1 ± 0.0 0.7 ± 0.5 5.6 ± 0.2 3.6 ± 0.1 4.7 ± 0.2 7.9 ± 0.1 0.2 ± 0.1 6.8 ± 0.6 1.0 ± 0.0
10/10/2016 5.2 ± 0.5 12.9 ± 0.1 8.6 ± 0.4 0.5 ± 0.1 18.6 ± 0.5 5.6 ± 0.1 3.8 ± 0.1 12.5 ± 0.7 0.1 ± 0.0 4.7 ± 0.1 0.1 ± 0.00 0.5 ± 0.1 5.1 ± 0.1 3.4 ± 0.1 4.6 ± 0.1 6.7 ± 0.2 0.2 ± 0.0 6.9 ± 0.1 1.0 ± 0.1


















































































Table C.9: Concentration (mg g−1) ± SD composition of amino acids in sediment trap and sediment samples from site LY1 during 2016. ASP, aspartic acid; GLU,
glutamic acid; SER, serine; HIS, histidine; GLY, glycine; THR, threonine; ARG, arginine; ALA, alanine; BALA, β -alanine; TYR, tyrosine; GABA, γ-aminobutyric
acid; MET, methionine; VAL, valine; PHE, phenylalanine; ILEU, isoleucine; LEU, leucine; ORN, ornithine; LYS, lysine
Sediment trap and sediment individual amino acid concentrations (mg g−1)
ASP GLU SER HIS GLY THR ARG ALA BALA TYR GABA MET VAL PHE ILEU LEU ORN LYS
Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD
Sediment trap
31/03/2016 0.8 - 1.2 - 2.0 - 0.6 - 4.4 - 2.2 - 3.4 - 3.7 - 0.1 - 1.3 - 0.0 - 0.5 - 3.1 - 2.4 - 2.4 - 3.6 - 0.2 - 3.9 -
07/04/2016 0.9 1.0 1.0 1.0 0.4 0.3 0.2 0.2 0.7 0.7 0.4 0.4 0.6 0.6 0.7 0.7 0.0 0.0 0.3 0.3 0.0 0.0 0.1 0.1 0.6 0.6 0.5 0.5 0.5 0.5 0.7 0.7 0.0 0.0 1.1 1.3
17/05/2016 5.6 6.8 11.5 14.5 1.3 1.1 0.3 0.4 1.6 1.5 1.1 0.9 1.8 1.5 1.9 1.7 0.0 0.0 0.9 0.9 0.0 0.0 0.5 0.5 2.9 3.2 2.3 2.6 2.3 2.6 3.6 4.0 0.1 0.1 3.6 4.5
02/06/2016 2.8 1.3 4.5 2.8 1.6 0.6 0.3 0.1 2.2 0.8 1.2 0.4 2.1 0.8 2.2 0.8 0.0 0.0 0.9 0.3 0.0 0.0 0.4 0.2 1.9 0.8 1.2 0.9 1.6 0.6 2.4 0.9 0.0 0.0 2.5 1.1
06/07/2016 2.0 0.2 2.9 0.2 1.1 0.2 0.2 0.0 2.1 0.5 1.2 0.0 1.9 0.2 2.0 0.5 0.1 0.0 0.7 0.0 0.0 0.0 0.3 0.0 1.8 0.3 1.3 0.0 1.4 0.2 2.0 0.2 0.1 0.0 2.1 1.2
02/08/2016 1.2 0.3 1.9 0.4 0.7 0.1 0.1 0.0 1.2 0.2 0.8 0.1 1.2 0.2 1.1 0.2 0.0 0.0 0.5 0.1 0.0 0.0 0.2 0.0 1.1 0.2 0.8 0.1 0.8 0.1 1.2 0.2 0.1 0.0 1.1 0.3
16/08/2016 1.1 0.3 2.0 0.5 0.6 0.1 0.1 0.0 1.1 0.2 0.8 0.2 0.9 0.2 1.0 0.2 0.0 0.0 0.3 0.1 0.0 0.0 0.1 0.0 1.0 0.2 0.1 0.0 0.8 0.2 1.0 0.2 0.1 0.1 1.7 0.3
14/09/2016 1.8 0.2 2.8 0.5 0.6 0.1 0.1 0.0 1.0 0.2 0.7 0.1 0.9 0.1 0.7 0.1 0.0 0.0 0.3 0.1 0.0 0.0 0.1 0.0 1.5 0.3 1.1 0.2 1.1 0.2 1.4 0.2 0.1 0.0 2.2 0.4
10/10/2016 1.1 0.1 2.4 0.3 0.6 0.1 0.1 0.0 1.0 0.1 0.8 0.1 1.0 0.1 1.7 0.2 0.0 0.0 0.7 0.1 0.1 0.0 0.1 0.0 1.0 0.1 0.8 0.1 0.8 0.1 1.1 0.1 0.1 0.0 2.1 0.2
07/11/2016 1.4 0.5 2.8 0.8 1.0 0.4 0.2 0.0 1.6 0.6 1.0 0.3 1.4 0.4 1.2 0.4 0.0 0.0 0.5 0.1 0.0 0.0 0.1 0.1 1.3 0.4 1.0 0.3 1.1 0.3 1.5 0.4 0.1 0.1 2.1 0.5
Sediment
30/03/2016 0.2 0.0 0.3 0.0 0.2 0.0 0.0 0.0 0.4 0.0 0.2 0.0 0.2 0.0 0.2 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.1 0.0 0.1 0.0 0.2 0.0 0.0 0.0 0.2 0.0
06/04/2016 0.2 0.0 0.3 0.0 0.1 0.0 0.0 0.0 0.4 0.0 0.2 0.0 0.2 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.1 0.0 0.1 0.0 0.2 0.0 0.0 0.0 0.3 0.1
16/05/2016 0.4 0.1 0.6 0.1 0.3 0.0 0.1 0.0 0.9 0.1 0.4 0.0 0.5 0.1 0.5 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.3 0.0 0.3 0.0 0.4 0.0 0.1 0.0 1.0 0.1
01/06/2016 0.3 0.1 0.5 0.1 0.3 0.1 0.1 0.0 0.7 0.2 0.3 0.1 0.4 0.1 0.4 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.1 0.2 0.1 0.2 0.1 0.3 0.1 0.1 0.0 0.8 0.3
05/07/2016 0.3 0.0 0.5 0.1 0.3 0.1 0.1 0.0 0.7 0.1 0.3 0.1 0.4 0.1 0.5 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.4 0.1 0.2 0.1 0.2 0.1 0.3 0.1 0.1 0.0 0.8 0.1
19/07/2016 0.4 0.0 0.7 0.1 0.3 0.0 0.1 0.0 0.9 0.1 0.4 0.0 0.5 0.0 0.6 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.5 0.1 0.3 0.0 0.3 0.0 0.4 0.1 0.1 0.0 0.5 0.1
01/08/2016 0.4 0.1 0.7 0.0 0.3 0.0 0.1 0.0 0.9 0.0 0.4 0.0 0.5 0.0 0.6 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.4 0.0 0.3 0.0 0.3 0.0 0.4 0.0 0.1 0.0 0.5 0.0
15/08/2016 0.4 0.0 0.6 0.0 0.3 0.0 0.1 0.0 0.8 0.0 0.3 0.0 0.5 0.0 0.5 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.2 0.0 0.3 0.0 0.3 0.0 0.1 0.0 0.4 0.0
13/09/2016 0.2 0.0 0.4 0.1 0.2 0.1 0.1 0.0 0.7 0.2 0.2 0.1 0.4 0.1 0.4 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.3 0.1 0.2 0.1 0.2 0.1 0.3 0.1 0.1 0.0 0.3 0.1
10/10/2016 0.3 0.1 0.5 0.1 0.3 0.0 0.1 0.0 0.7 0.0 0.3 0.0 0.4 0.0 0.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.2 0.0 0.2 0.0 0.3 0.0 0.1 0.0 0.4 0.0


















































































Table C.10: Mole percentages ± SD composition of amino acids in sediment trap and sediment samples from site LY1 during 2016. ASP, aspartic acid; GLU,
glutamic acid; SER, serine; HIS, histidine; GLY, glycine; THR, threonine; ARG, arginine; ALA, alanine; BALA, β -alanine; TYR, tyrosine; GABA, γ-aminobutyric
acid; MET, methionine; VAL, valine; PHE, phenylalanine; ILEU, isoleucine; LEU, leucine; ORN, ornithine; LYS, lysine; DI, degradation index
Date mole % DI
ASP GLU SER HIS GLY THR ARG ALA BALA TYR GABA MET VAL PHE ILEU LEU ORN LYS
Sediment trap
31/03/2016 2.0 2.6 6.2 1.2 19.4 6.1 6.4 13.7 0.4 2.4 0.1 1.2 8.8 4.9 6.1 9.2 0.4 8.9 1.0
07/04/2016 7.9 ± 2.3 9.7 ± 0.3 5.9 ± 0.8 1.3 ± 0.6 14.3 ± 1.3 5.3 ± 0.6 5.3 ± 0.4 11.1 ± 0.5 0.2 ± 0.1 2.2 ± 0.2 0.1 ± 0.0 1.1 ± 0.3 7.3 ± 0.4 4.3 ± 0.2 5.4 ± 0.2 8.0 ± 0.3 0.3 ± 0.1 10.5 ± 2.1 1.1 ± 0.1
17/05/2016 11.4 ± 3.4 20.0 ± 9.0 5.3± 2.6 0.5 ± 0.2 9.2 ± 3.9 4.1 ± 2.3 4.5 ± 2.2 8.7 ± 3.7 0.1 ± 0.1 1.9 ± 0.7 0.1 ± 0.1 1.0 ± 0.1 7.7 ± 0.1 4.5 ± 0.1 5.7 ± 0.1 8.8 ± 0.1 0.3 ± 0.1 6.3 ± 2.8 1.6 ± 0.7
02/06/2016 9.4 ± 0.6 13.2 ± 2.3 6.8 ± 1.0 1.0 ± 0.2 13.0 ± 0.8 4.5 ± 0.6 5.3 ± 0.5 10.9 ± 0.4 0.1 ± 0.1 2.4 ± 0.3 0.03 ± 0.0 1.2 ± 0.5 7.4 ± 0.2 3.1 ± 1.5 5.6 ± 0.2 8.2 ± 0.4 0.1 ± 0.0 7.8 ± 0.7 1.1 ± 0.2
06/07/2016 8.0 ± 1.5 10.6 ± 2.1 5.7 ± 0.2 0.7 ± 0.2 14.8 ± 1.3 5.2 ± 0.1 6.0 ± 0.2 12.0 ± 1.2 0.4 ± 0.1 2.0 ± 0.3 0.3 ± 0.1 1.1 ± 0.1 8.1 ± 0.3 4.1 ± 0.6 5.6 ± 0.2 8.1 ± 0.4 0.3 ± 0.0 7.3 ± 2.9 0.8 ± 0.2
02/08/2016 7.8 ± 1.7 11.4 ± 0.9 6.1 ± 0.3 0.7 ± 0.1 14.7 ± 0.7 5.6 ± 0.3 6.0 ± 0.3 10.9 ± 0.9 0.3 ± 0.1 2.3 ± 0.2 0.2 ± 0.1 1.0 ± 0.2 8.0 ± 0.3 4.3 ± 0.2 5.5 ± 0.3 8.0 ± 0.4 0.3 ± 0.1 7.0 ± 2.1 0.1 ± 0.1
16/08/2016 7.9 ± 0.6 13.3 ± 0.6 5.9 ± 0.3 0.4 ± 0.1 14.4 ± 0.5 6.2 ± 0.2 5.1 ± 0.3 10.5 ± 0.2 0.2 ± 0.0 1.5 ± 0.0 0.4 ± 0.0 0.6 ± 0.2 8.4 ± 0.0 0.5 ± 0.0 5.8 ± 0.0 7.4 ± 0.1 0.5 ± 0.4 11.1 ± 0.7 0.3 ± 0.1
14/09/2016 10.9 ± 0.5 15.0 ± 0.1 4.3 ± 0.3 0.4 ± 0.1 10.0 ± 1.2 4.4 ± 0.2 4.0 ± 0.1 6.5 ± 0.1 0.3 ± 0.1 1.3 ± 0.1 0.3 ± 0.1 0.5 ± 0.1 10.1 ± 0.0 5.2 ± 0.1 6.6 ± 0.1 8.2 ± 0.1 0.5 ± 0.2 11.7 ± 1.5 1.5 ± 0.1
11/10/2016 6.5 ± 0.2 13.0 ± 0.3 4.9 ± 0.3 0.6 ± 0.1 10.9 ± 0.4 5.6 ± 0.0 4.7 ± 0.2 15.1 ± 0.4 0.3 ± 0.0 3.3 ± 0.0 0.4 ± 0.0 0.6 ± 0.1 6.9 ± 0.1 3.7 ± 0.0 5.2 ± 0.1 6.7 ± 0.1 0.4 ± 0.1 11.5 ± 1.3 0.8 ± 0.1
08/11/2016 7.1 ± 0.5 12.9 ± 0.2 6.1 ± 1.2 0.7 ± 0.1 14.3 ± 1.4 6.0 ± 0.2 5.3 ± 0.1 9.4 ± 0.1 0.1 ± 0.0 2.0 ± 0.1 0.1 ± 0.0 0.5 ± 0.4 7.5 ± 0.2 4.0 ± 0.2 5.7 ± 0.2 7.6 ± 0.2 0.5 ± 0.1 10.2 ± 1.9 1.0 ± 0.2
Sediment
30/03/2016 6.9 ± 0.9 8.8 ± 0.3 6.5 ± 0.9 1.1 ± 0.2 22.0 ± 0.5 5.8 ± 0.4 5.9 ± 0.1 11.7 ± 0.2 1.3 ± 0.1 1.7 ± 0.4 0.5 ± 0.1 0.4 ± 0.1 7.1 ± 0.3 3.1 ± 0.0 4.2 ± 0.2 5.5 ± 0.1 0.8 ± 0.3 6.8 ± 0.3 -0.1 ± 0.1
06/04/2016 5.2 ± 0.2 8.4 ± 0.5 5.9 ± 0.1 1.0 ± 0.1 22.3 ± 0.8 5.8 ± 0.3 5.7 ± 0.1 11.9 ± 0.8 1.3 ± 0.1 1.0 ± 0.3 0.5 ± 0.0 0.5 ± 0.0 7.2 ± 0.5 3.1 ± 0.2 4.3 ± 0.3 5.5 ± 0.3 1.0 ± 0.5 9.4 ± 2.9 -0.2 ± 0.1
16/05/2016 5.1 ± 1.0 8.1 ± 0.1 5.5 ± 0.2 0.9 ± 0.0 21.4 ± 0.2 5.7 ± 0.1 5.4 ± 0.3 11.3 ± 0.3 1.2 ± 0.0 0.7 ± 0.1 0.6 ± 0.0 0.5 ± 0.1 6.7 ± 0.2 3.0 ± 0.1 4.1 ± 0.2 5.2 ± 0.2 1.4 ± 0.0 13.1 ± 0.6 -0.3 ± 0.1
01/06/2016 5.0 ± 1.0 7.9 ± 0.2 5.8 ± 0.1 1.0 ± 0.1 21.8 ± 0.8 5.8 ± 0.2 5.5 ± 0.3 11.2 ± 0.1 1.3 ± 0.1 0.7 ± 0.2 0.6 ± 0.1 0.5 ± 0.1 6.6 ± 0.1 2.9 ± 0.1 3.9 ± 0.0 5.1 ± 0.1 1.6 ± 0.2 12.8 ± 0.3 -0.4 ± 0.1
05/07/2016 5.3 ± 0.4 8.1 ± 0.0 5.7 ± 0.4 1.0 ± 0.0 21.5 ± 0.4 5.4 ± 0.2 5.5 ± 0.4 11.4 ± 0.2 1.2 ± 0.0 0.7 ± 0.1 0.6 ± 0.1 0.5 ± 0.0 6.7 ± 0.0 3.0 ± 0.1 4.0 ± 0.0 5.2 ± 0.2 1.4 ± 0.2 12.9 ± 0.5 -0.3 ± 0.0
19/07/2016 5.1 ± 0.9 8.8 ± 0.0 5.6 ± 0.3 1.1 ± 0.1 23.1 ± 0.6 5.9 ± 0.1 5.7 ± 0.2 12.3 ± 0.7 1.3 ± 0.1 0.8 ± 0.2 0.7 ± 0.0 0.7 ± 0.0 7.4 ± 0.3 3.3 ± 0.2 4.5 ± 0.3 5.8 ± 0.4 0.8 ± 0.1 6.9 ± 0.3 -0.2 ± 0.1
01/08/2016 5.6 ± 1.2 8.6 ± 0.3 6.0 ± 0.2 1.2 ± 0.1 23.0 ± 0.4 5.7 ± 0.3 5.8 ± 0.2 12.2 ± 0.3 1.3 ± 0.1 0.9 ± 0.1 0.7 ± 0.1 0.6 ± 0.1 7.3 ± 0.2 3.2 ± 0.1 4.4 ± 0.1 5.6 ± 0.1 1.0 ± 0.1 6.7 ± 0.1 -0.2 ± 0.0
15/08/2016 6.4 ± 0.2 8.6 ± 0.1 6.3 ± 0.6 1.2 ± 0.1 22.1 ± 0.6 5.8 ± 0.3 6.0 ± 0.2 12.1 ± 0.2 1.2 ± 0.1 1.0 ± 0.2 0.7 ± 0.1 0.5 ± 0.1 7.3 ± 0.1 3.2 ± 0.0 4.5 ± 0.0 5.7 ± 0.0 0.9 ± 0.0 6.6 ± 0.4 -0.2 ± 0.0
13/09/2016 4.4 ± 1.7 7.9 ± 0.5 5.9 ± 0.5 1.1 ± 0.1 24.9 ± 1.3 5.6 ± 0.3 5.8 ± 0.3 12.3 ± 0.4 1.3 ± 0.1 1.7 ± 0.6 0.6 ± 0.1 0.5 ± 0.1 7.4 ± 0.1 3.2 ± 0.0 4.5 ± 0.1 5.8 ± 0.1 0.9 ± 0.1 6.4 ± 0.1 -0.1 ± 0.2
10/10/2016 5.2 ± 1.4 8.3 ± 0.5 6.2 ± 0.5 1.1 ± 0.1 24.7 ± 0.7 5.7 ± 0.4 5.8 ± 0.1 12.3 ± 0.3 1.3 ± 0.2 0.8 ± 0.1 0.6 ± 0.1 0.4 ± 0.1 7.2 ± 0.2 3.1 ± 0.1 4.5 ± 0.3 5.6 ± 0.2 1.0 ± 0.2 6.2 ± 0.3 -0.3 ± 0.0























































































































































































































































Table C.11: Concentration (µg L−1) of individual fatty acids from suspended particulate material (SPM) samples collected from above the pycnocline at site LY1
during 2016
SPM above the pycnocline fatty acid concentration (µg L−1)
30/04/16 06/04/16 16/05/16 01/06/16 05/07/16 18/07/16 01/08/16 15/08/16 13/09/16 10/10/16 07/11/16
Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD
14:0 3.2 0.6 1.2 0.1 1.7 0.2 0.8 0.1 0.2 0.1 1.1 0.2 2.5 0.1 1.2 0.1 1.0 0.0 1.0 0.1 0.6 0.0
16:0 11.6 5.5 3.4 0.3 4.1 0.6 5.1 0.1 3.6 0.2 7.3 0.9 6.1 0.3 5.4 0.4 5.9 1.0 6.9 0.2 3.3 0.1
16:1(n-7) 3.9 0.0 1.8 0.1 1.7 0.3 3.6 0.0 1.0 0.1 3.4 0.1 6.8 1.4 2.6 0.2 1.1 0.1 1.4 0.1 0.5 0.1
16:2(n-4) 0.8 0.0 0.4 0.1 0.4 0.1 0.5 0.1 0.1 0.0 0.5 0.1 0.6 0.1 0.5 0.0 0.2 0.0 0.2 0.0 0.1 0.0
16:3(n-4) 1.1 0.3 0.6 0.1 0.2 0.0 0.2 0.0 0.1 0.0 0.5 0.0 0.4 0.0 0.3 0.0 0.2 0.0 0.3 0.0 0.1 0.0
16:4(n-3) 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.1 0.0 0.1 0.0
16:4(n-1) 1.2 0.4 0.6 0.1 0.6 0.1 0.3 0.0 0.1 0.1 0.5 0.0 0.6 0.0 0.3 0.0 0.1 0.0 0.1 0.0 0.0 0.0
18:0 10.5 6.7 2.2 0.2 2.2 0.3 2.6 0.0 2.4 0.0 2.9 0.3 0.8 0.0 1.3 0.1 3.0 0.7 2.2 0.2 1.4 0.0
18:1(n-9) 0.9 0.3 0.3 0.0 1.1 0.3 1.9 0.1 1.4 0.1 1.5 0.0 0.9 0.0 1.5 0.1 1.7 0.5 3.0 0.3 1.1 0.1
18:1(n-7) 0.5 0.1 0.2 0.0 0.5 0.1 0.8 0.0 0.5 0.0 1.2 0.0 1.1 0.1 1.6 0.1 0.6 0.1 0.9 0.1 0.3 0.1
18:2(n-6) 0.8 0.2 0.6 0.2 1.1 0.6 1.2 0.1 0.9 0.1 0.9 0.0 0.7 0.0 0.6 0.0 0.6 0.2 1.0 0.1 0.5 0.1
18:3(n-6) 0.1 0.0 0.1 0.0 0.1 0.1 0.0 0.0 0.1 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0
18:3(n-3) 0.1 0.0 0.1 0.0 0.3 0.0 0.4 0.0 0.3 0.0 0.5 0.0 0.5 0.0 0.6 0.0 0.3 0.1 0.6 0.1 0.2 0.0
18:4(n-3) 0.9 0.2 0.5 0.1 0.6 0.1 0.3 0.1 0.4 0.1 1.5 0.0 1.2 0.0 1.7 0.1 0.9 0.2 0.9 0.1 0.4 0.0
20:0 0.3 0.2 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.3 0.2 0.1 0.0 0.1 0.0
20:1(n-9) 0.1 0.0 0.0 0.0 0.3 0.0 0.2 0.0 0.4 0.0 2.0 0.0 1.0 0.0 1.6 0.1 1.3 0.5 0.9 0.1 0.2 0.0
20:1(n-7) 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.0 0.0 0.0 0.0
20:4(n-3) 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.2 0.0 0.2 0.2 0.1 0.0 0.0 0.0
20:4(n-6) 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.1 0.1 0.0 0.1 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
20:5(n-3) 1.1 0.4 0.6 0.1 0.6 0.1 1.0 0.1 0.4 0.0 2.0 0.1 1.6 0.0 2.8 0.2 1.0 0.1 0.7 0.1 0.4 0.0
22:6(n-3) 0.4 0.1 0.2 0.0 0.4 0.1 0.4 0.0 0.5 0.0 2.7 0.5 1.8 0.3 2.8 0.2 0.6 0.2 0.5 0.1 0.2 0.0


















































































Table C.12: Individual fatty acid percent composition for suspended particulate material (SPM) samples collected from above the pycnocline at site LY1 during
2016
Percent composition of individual fatty acids in SPM from above the pycnocline (%)
30/03/16 06/04/16 16/05/16 01/06/16 05/07/16 18/07/16 01/08/16 15/08/16 13/09/16 10/10/16 07/11/16
Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD
14:0 8.7 1.7 9.4 0.1 11.0 1.0 3.9 0.2 1.6 0.6 3.6 0.5 9.2 1.0 4.7 0.0 5.3 0.9 4.9 0.1 5.9 0.3
16:0 29.9 3.0 26.1 0.0 25.6 0.6 25.9 0.1 28.1 0.2 25.2 1.3 22.8 0.7 21.1 0.0 31.0 1.0 33.0 1.7 35.5 1.2
16:1(n-7) 11.0 4.2 13.9 0.5 10.3 0.2 18.4 0.0 7.8 0.4 11.7 1.2 25.2 3.3 10.0 0.0 5.6 0.7 6.5 0.2 5.6 0.6
16:2(n-4) 2.1 0.8 2.9 0.3 2.6 0.0 2.7 0.3 1.0 0.0 1.9 0.1 2.1 0.1 1.8 0.0 0.9 0.2 0.8 0.0 0.9 0.1
16:3(n-4) 2.9 0.3 4.2 0.5 1.2 0.0 1.0 0.2 1.0 0.1 1.7 0.1 1.4 0.2 1.1 0.0 1.2 0.1 1.5 0.1 1.2 0.0
16:4(n-3) 0.2 0.0 0.1 0.1 0.2 0.0 0.2 0.1 0.3 0.1 0.1 0.0 0.1 0.0 1.2 0.0 0.2 0.0 0.3 0.0 0.7 0.0
16:4(n-1) 3.2 0.2 4.5 0.7 3.6 0.0 1.6 0.2 0.5 0.4 1.7 0.0 2.1 0.0 1.2 0.0 0.7 0.2 0.6 0.0 0.4 0.0
18:0 26.2 7.4 16.4 0.0 13.8 0.5 13.2 0.2 18.7 0.5 9.8 0.5 3.1 0.3 5.0 0.0 15.4 0.6 10.3 0.3 14.4 0.2
18:1(n-9) 2.5 0.2 2.6 0.4 6.7 0.4 9.4 0.3 11.3 0.0 5.2 0.5 3.4 0.2 5.9 0.0 8.6 1.0 14.4 0.3 11.4 0.4
18:1(n-7) 1.5 0.3 1.6 0.1 3.2 0.2 4.1 0.1 4.1 0.1 4.2 0.2 4.1 0.1 6.2 0.0 3.2 0.2 4.3 0.3 2.9 0.6
18:2(n-6) 2.4 1.3 4.5 1.6 6.5 2.6 6.2 0.5 7.2 0.1 3.3 0.2 2.7 0.2 2.4 0.0 3.1 0.4 4.7 0.1 5.7 0.6
18:3(n-6) 0.4 0.2 0.8 0.0 0.9 0.2 0.2 0.1 0.6 0.4 0.5 0.1 0.4 0.0 0.2 0.0 0.5 0.2 0.2 0.1 0.2 0.2
18:3(n-3) 0.3 0.1 0.4 0.1 1.7 0.1 2.2 0.0 2.1 0.0 1.6 0.1 1.7 0.1 2.4 0.0 1.8 0.1 2.8 0.1 2.2 0.1
18:4(n-3) 2.5 0.4 4.0 0.4 3.6 0.0 1.4 0.3 3.4 0.4 5.3 0.3 4.4 0.4 6.8 0.0 4.5 0.1 4.4 0.2 4.0 0.4
20:0 0.7 0.3 0.7 0.0 0.5 0.0 0.5 0.1 0.8 0.0 0.4 0.0 0.2 0.0 0.5 0.0 1.4 0.7 0.6 0.0 0.6 0.0
20:1(n-9) 0.4 0.1 0.4 0.4 2.0 0.4 0.8 0.1 3.5 0.1 6.9 0.3 3.6 0.3 6.2 0.0 6.4 1.6 4.4 0.3 2.2 0.2
20:1(n-7) 0.4 0.4 0.1 0.1 0.1 0.0 0.2 0.1 0.0 0.0 0.1 0.0 0.1 0.0 0.3 0.0 0.3 0.3 0.0 0.0 0.0 0.0
20:4(n-3) 0.3 0.3 0.1 0.0 0.1 0.0 0.7 0.0 0.3 0.0 0.3 0.0 0.4 0.1 0.7 0.0 0.9 0.8 0.3 0.0 0.3 0.1
20:4(n-6) 0.4 0.2 0.8 0.2 0.8 0.0 0.3 0.1 0.4 0.4 0.3 0.1 0.3 0.0 0.7 0.0 0.2 0.3 0.2 0.2 0.2 0.0
20:5(n-3) 2.9 0.2 4.9 0.5 3.5 0.1 5.2 0.4 3.3 0.0 6.8 0.1 6.0 0.5 10.8 0.0 5.4 1.7 3.1 0.1 3.9 0.5
22:6(n-3) 1.0 0.1 1.7 0.2 2.2 0.0 1.9 0.2 3.7 0.1 9.4 1.0 6.7 0.6 11.0 0.0 3.3 0.2 2.6 0.1 1.7 0.0
SFAs 65.5 52.7 50.9 43.5 49.3 39.0 35.2 31.3 53.1 48.9 56.4
MUFA 15.8 18.6 22.4 32.9 26.7 28.0 36.3 28.5 24.3 29.6 22.1


















































































Table C.13: Concentration (µg L−1) of individual fatty acids from suspended particulate material (SPM) samples collected from below the pycnocline at site LY1
during 2016
SPM below the pycnocline fatty acid concentration (µg L−1)
30/03/16 06/04/16 16/05/16 01/06/16 05/07/16 18/07/16 01/08/16 15/08/16 13/09/16 10/10/16 07/11/16
Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD
14:0 1.3 0.4 1.1 0.4 1.6 0.1 0.5 0.1 0.2 0.0 0.3 0.1 0.8 0.1 0.8 0.3 0.7 0.1 0.5 0.0 0.7 0.3
16:0 5.7 1.5 3.5 0.8 7.6 5.2 3.5 1.4 3.2 0.3 4.0 0.2 3.6 0.4 4.5 1.5 5.5 1.0 4.3 0.4 7.4 2.3
16:1(n-7) 1.8 0.5 2.1 0.5 1.3 0.1 2.6 1.0 0.8 0.2 1.3 0.1 2.0 0.2 1.1 1.5 0.8 0.2 0.5 0.0 0.8 0.3
16:2(n-4) 0.3 0.1 0.3 0.2 0.4 0.0 0.4 0.2 0.1 0.0 0.2 0.0 0.3 0.0 0.4 0.3 0.3 0.3 0.1 0.0 0.1 0.1
16:3(n-4) 0.5 0.1 0.4 0.3 0.2 0.0 0.1 0.0 0.1 0.0 0.2 0.0 0.4 0.1 0.3 0.1 0.2 0.1 0.2 0.0 0.2 0.1
16:4(n-3) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.1 0.1 0.0 0.1 0.0
16:4(n-1) 0.5 0.1 0.4 0.3 0.6 0.0 0.3 0.1 0.0 0.0 0.1 0.0 0.3 0.0 0.3 0.2 0.1 0.0 0.0 0.0 0.1 0.0
18:0 4.7 0.9 2.2 0.1 5.1 4.5 2.0 1.0 2.5 0.2 3.0 0.2 0.9 0.1 1.4 0.0 3.0 0.3 1.9 0.1 3.3 0.7
18:1(n-9) 1.4 0.4 0.6 0.2 0.6 0.0 0.8 0.3 1.0 0.1 0.8 0.1 0.7 0.1 1.5 0.9 1.8 1.0 1.6 0.2 2.6 0.9
18:1(n-7) 0.7 0.1 0.3 0.1 0.4 0.0 0.6 0.3 0.4 0.0 0.5 0.0 0.7 0.0 0.6 0.0 0.4 0.1 0.3 0.0 0.5 0.1
18:2(n-6) 1.0 0.7 1.2 0.7 1.4 1.0 0.7 0.0 0.8 0.1 1.0 0.6 0.5 0.2 0.6 0.1 0.7 0.4 0.5 0.0 1.2 0.3
18:3(n-6) 0.1 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.1 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.1 0.1
18:3(n-3) 0.2 0.0 0.1 0.0 0.2 0.0 0.1 0.0 0.2 0.0 0.2 0.0 0.3 0.1 0.3 0.0 0.5 0.4 0.1 0.0 0.4 0.1
18:4(n-3) 0.5 0.1 0.4 0.2 0.5 0.0 0.2 0.0 0.3 0.1 0.5 0.1 0.7 0.2 1.0 0.4 0.5 0.0 0.3 0.1 0.5 0.1
20:0 0.1 0.0 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.3 0.2 0.4 0.3 0.1 0.0 0.1 0.0
20:1(n-9) 0.2 0.1 0.1 0.0 0.2 0.0 0.1 0.0 0.3 0.0 0.3 0.0 0.5 0.1 1.1 0.4 0.9 0.3 0.2 0.0 0.3 0.1
20:1(n-7) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0
20:4(n-3) 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.4 0.4 0.3 0.3 0.0 0.0 0.1 0.0
20:4(n-6) 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0
20:5(n-3) 0.7 0.2 0.8 0.6 0.6 0.1 0.7 0.3 0.4 0.0 0.7 0.0 1.0 0.3 2.2 1.0 0.6 0.0 0.3 0.1 0.6 0.1
22:6(n-3) 0.2 0.1 0.2 0.1 0.3 0.0 0.3 0.1 0.4 0.0 0.6 0.1 0.8 0.2 1.3 0.3 0.5 0.0 0.2 0.1 0.2 0.0


















































































Table C.14: Individual fatty acid percent composition for suspended particulate material (SPM) samples collected from below the pycnocline at site LY1 during
2016
Percent composition of individual fatty acids in SPM from below the pycnocline (%)
30/03/16 06/04/16 16/05/16 01/06/16 05/07/16 18/07/16 01/08/16 15/08/16 13/09/16 10/10/16 07/11/16
Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD
14:0 6.5 0.2 8.0 0.8 8.1 3.5 3.9 0.5 1.4 0.1 2.0 0.5 5.8 0.2 4.1 0.1 4.0 0.5 4.5 0.1 3.6 0.4
16:0 28.5 0.1 25.2 0.1 33.6 7.1 26.2 0.9 29.3 0.7 28.5 1.9 26.2 1.3 25.3 2.8 31.9 3.8 38.3 0.3 38.3 1.1
16:1(n-7) 8.7 0.4 15.1 0.1 6.7 3.1 19.6 0.1 7.0 1.7 9.2 0.8 14.3 0.8 4.9 6.1 4.4 0.0 4.6 0.3 4.1 0.2
16:2(n-4) 1.3 0.0 2.4 0.5 2.2 1.0 3.3 0.1 0.8 0.0 1.3 0.1 2.5 0.5 2.1 0.5 1.6 1.3 0.8 0.1 0.7 0.1
16:3(n-4) 2.7 0.1 2.8 1.3 1.1 0.5 1.1 0.3 0.9 0.3 1.4 0.1 2.6 0.1 1.5 0.1 1.2 0.2 1.5 0.2 0.9 0.4
16:4(n-3) 0.2 0.0 0.2 0.0 0.2 0.1 0.3 0.1 0.3 0.0 0.3 0.1 0.3 0.0 0.5 0.0 0.4 0.3 0.6 0.0 0.7 0.1
16:4(n-1) 2.3 0.0 2.5 1.7 3.1 1.6 2.1 0.1 0.5 0.3 0.7 0.1 2.2 0.1 1.4 0.3 0.5 0.1 0.3 0.0 0.4 0.1
18:0 23.5 1.4 15.8 3.0 21.2 10.0 14.9 1.8 23.3 0.4 21.3 1.9 6.6 0.5 8.6 3.8 17.6 3.4 17.1 0.3 17.2 1.3
18:1(n-9) 7.2 0.3 4.4 0.5 3.3 1.6 5.8 0.1 9.1 0.3 5.9 0.4 5.3 0.1 7.9 1.4 9.7 3.0 13.8 0.4 13.3 0.9
18:1(n-7) 3.4 0.5 2.2 0.0 2.2 1.1 4.2 0.4 3.9 0.5 3.5 0.1 4.9 0.4 3.5 1.4 2.5 0.2 2.5 0.5 2.4 0.0
18:2(n-6) 4.8 2.3 3.8 6.3 1.5 6.1 2.0 6.9 1.8 6.7 4.0 3.7 0.6 3.2 0.7 4.0 1.4 4.1 0.2 6.4 0.4
18:3(n-6) 0.7 0.7 0.9 0.3 0.8 0.4 0.3 0.0 0.7 0.5 0.5 0.2 0.5 0.1 0.5 0.3 0.3 0.2 0.4 0.1 0.6 0.6
18:3(n-3) 0.9 0.0 0.4 0.1 1.1 0.6 1.0 0.1 1.6 0.0 1.5 0.1 2.4 0.0 1.7 0.5 2.6 1.5 1.1 0.1 1.9 0.0
18:4(n-3) 2.5 0.2 2.6 1.2 2.7 1.3 1.7 0.6 2.7 0.6 3.8 0.3 5.0 0.5 5.3 0.0 2.8 0.7 2.6 0.4 2.7 0.2
20:0 0.5 0.3 0.8 0.1 0.6 0.0 0.6 0.3 0.9 0.1 0.7 0.1 0.3 0.1 1.5 0.5 2.1 1.0 0.9 0.0 0.6 0.0
20:1(n-9) 1.0 0.1 0.6 0.1 1.2 0.6 1.0 0.0 2.7 0.2 2.3 0.0 3.5 0.1 5.9 0.3 5.2 0.1 1.4 0.1 1.5 0.0
20:1(n-7) 0.2 0.0 0.2 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.2 0.1 0.8 0.5 0.1 0.0 0.0 0.0
20:4(n-3) 0.1 0.0 0.2 0.0 0.1 0.0 0.6 0.2 0.3 0.1 0.3 0.1 0.6 0.2 2.0 1.2 1.3 1.4 0.2 0.0 0.3 0.0
20:4(n-6) 0.6 0.1 0.5 0.1 0.5 0.2 0.2 0.1 0.3 0.3 0.5 0.2 0.3 0.3 0.6 0.1 0.4 0.0 0.4 0.2 0.2 0.1
20:5(n-3) 3.3 0.1 5.0 3.5 3.3 2.0 5.0 0.1 3.7 0.3 5.2 0.3 7.4 1.1 12.1 0.5 3.7 0.9 2.9 0.6 3.0 0.4
22:6(n-3) 1.1 0.0 1.2 0.7 1.7 1.1 2.1 0.2 3.8 0.6 4.3 0.6 5.6 0.8 7.2 1.5 3.0 1.0 2.1 0.4 1.2 0.1
SFAs 59.0 49.8 63.5 45.6 54.8 52.4 38.9 39.5 55.7 60.8 59.7
MUFA 20.5 22.5 13.4 30.7 22.7 21.0 28.0 22.5 22.5 22.3 21.3


















































































Table C.15: Concentration (µg g−1) of individual fatty acids from sediment trap material collected from LY1 during 2016
Sediment trap fatty acid concentration (µg g−1)
31/03/16 07/04/16 17/05/16 02/06/16 06/07/16 02/08/16 16/08/16 14/09/16 11/10/16 08/11/16
Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD
14:0 136.3 32.0 152.8 79.7 176.2 6.5 283.4 115.0 62.8 5.7 62.9 8.9 124.3 123.4 48.7 8.0 32.9 30.9 3.6
16:0 966.3 73.2 1761.8 1462.9 1015.9 99.9 887.7 0.0 370.8 23.0 350.6 55.4 1279.1 532.4 486.2 123.5 499.5 518.7 80.1
16:1(n-7) 197.6 29.7 334.8 185.1 253.0 0.2 504.1 0.2 78.3 25.8 76.5 4.4 107.4 112.2 65.1 23.2 47.6 21.6 1.1
16:2(n-4) 39.4 10.3 78.6 51.1 62.4 13.8 79.0 0.2 11.7 2.9 15.1 4.0 36.3 36.2 18.7 4.1 19.5 17.2 3.8
16:3(n-4) 49.0 10.5 92.7 55.9 44.3 3.3 28.1 0.1 9.0 1.6 8.4 0.7 9.5 8.7 9.8 5.7 9.1 1.9 0.6
16:4(n-3) 4.1 1.0 16.1 9.0 9.5 0.6 10.1 0.0 3.3 0.3 5.9 4.1 10.2 11.3 4.7 0.1 6.7 5.9 0.8
16:4(n-1) 46.2 15.8 92.4 57.5 51.2 14.1 45.4 0.0 10.0 0.0 10.3 0.1 22.5 24.3 9.2 3.0 6.0 4.2 1.5
18:0 550.2 28.9 1111.9 985.4 450.7 40.8 319.7 0.1 151.7 1.1 146.4 28.4 737.8 160.4 274.7 88.2 249.7 264.8 24.2
18:1(n-9) 125.6 23.0 173.3 8.6 222.5 3.7 167.0 0.1 63.1 3.4 87.7 6.0 112.7 112.5 48.2 9.5 51.5 39.2 1.8
18:1(n-7) 52.9 3.0 41.9 18.1 44.1 0.9 58.4 0.0 23.4 1.4 20.4 1.2 33.2 33.5 20.3 7.6 17.0 11.3 0.6
18:2(n-6) 46.7 9.2 106.3 11.6 54.1 5.7 81.2 0.3 26.8 0.5 65.9 23.5 56.9 41.7 23.1 2.0 26.4 19.1 5.1
18:3(n-6) 4.7 2.0 22.4 19.3 15.3 11.6 22.5 0.0 7.6 0.5 6.9 5.4 22.0 24.0 4.7 1.3 5.4 4.7 0.4
18:3(n-3) 16.5 3.6 10.8 8.5 18.9 5.6 20.6 0.0 12.3 0.5 20.6 3.3 10.8 9.7 4.5 0.4 3.0 1.7 0.3
18:4(n-3) 39.1 11.8 58.6 25.4 42.4 7.4 44.0 0.0 20.3 0.3 14.1 0.7 5.6 6.3 6.7 2.8 2.4 1.1 0.2
20:0 26.6 7.9 35.7 25.6 12.4 14.0 16.0 0.0 8.5 0.1 9.2 2.3 28.8 17.1 12.8 2.5 10.2 11.5 1.7
20:1(n-9) 11.9 2.3 8.9 5.6 9.8 5.3 19.9 0.1 21.4 1.2 6.7 2.8 8.1 8.7 6.2 2.1 11.9 12.9 0.1
20:1(n-7) 3.6 0.2 5.7 1.9 7.5 5.4 5.6 0.0 2.4 0.2 2.5 0.2 3.2 3.3 1.5 0.9 4.6 4.7 0.6
20:4(n-3) 6.2 0.5 7.6 2.7 5.3 0.1 20.1 0.0 5.1 0.4 4.5 0.1 11.9 12.4 3.8 1.3 7.9 6.1 0.2
20:4(n-6) 2.6 1.0 9.2 9.5 1.8 0.6 1.7 0.0 1.5 0.3 0.8 0.4 4.8 2.8 1.9 0.7 1.4 1.4 0.9
20:5(n-3) 97.8 24.0 168.6 82.0 132.9 38.5 182.4 0.1 51.3 4.9 53.1 0.3 61.3 66.2 34.9 9.4 24.7 22.1 1.4
22:6(n-3) 26.7 4.0 37.2 13.7 55.8 3.5 69.6 0.1 40.3 3.4 39.6 2.7 25.6 26.7 24.4 10.2 20.2 9.7 1.7


















































































Table C.16: Individual fatty acid percent composition for sediment trap samples collected from LY1 during 2016
Percent composition of individual fatty acids in sediment trap samples (%)
31/03/16 07/04/16 17/05/16 02/06/16 06/07/16 02/08/16 16/08/16 14/09/16 11/10/16 08/11/16
Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD
14:0 5.5 0.8 3.9 1.0 6.6 0.5 9.8 0.3 6.4 0.1 6.2 0.0 3.9 2.6 4.5 0.5 3.1 - 3.1 0.6
16:0 39.5 0.8 38.5 6.0 37.8 2.4 30.8 0.7 37.8 0.4 34.7 0.4 48.4 4.9 43.9 0.8 47.2 - 51.2 3.3
16:1(n-7) 8.0 0.4 8.4 1.8 9.4 0.3 17.6 0.1 7.9 2.1 7.6 0.7 3.3 2.4 5.8 0.5 4.5 - 2.2 0.3
16:2(n-4) 1.6 0.3 1.9 0.2 2.3 0.6 2.8 0.4 1.2 0.2 1.5 0.2 1.1 0.8 1.7 0.1 1.8 - 1.7 0.5
16:3(n-4) 2.0 0.2 2.3 0.3 1.6 0.1 1.0 0.2 0.9 0.2 0.8 0.2 0.3 0.2 0.8 0.3 0.9 - 0.2 0.0
16:4(n-3) 0.2 0.0 0.4 0.1 0.4 0.0 0.4 0.1 0.3 0.0 0.6 0.3 0.3 0.3 0.4 0.1 0.6 - 0.6 0.1
16:4(n-1) 1.9 0.5 2.2 0.3 1.9 0.6 1.6 0.6 1.0 0.1 1.0 0.2 0.7 0.5 0.8 0.0 0.6 - 0.4 0.2
18:0 22.6 3.3 23.6 5.7 16.8 0.9 11.0 0.7 15.5 1.0 14.5 0.7 29.5 9.0 24.6 1.3 23.6 - 26.2 0.0
18:1(n-9) 5.1 0.5 5.3 3.6 8.3 0.4 5.9 03 6.4 0.1 8.7 0.7 3.6 2.3 4.4 0.3 4.9 - 3.9 0.5
18:1(n-7) 2.2 0.1 1.1 0.4 1.6 0.0 2.0 0.0 2.4 0.0 2.0 0.2 1.0 0.7 1.8 0.2 1.6 - 1.1 0.2
18:2(n-6) 1.9 0.2 3.2 2.0 2.0 0.1 3.0 0.7 2.7 0.3 6.4 1.4 2.0 0.5 2.2 0.8 2.5 - 1.9 0.7
18:3(n-6) 0.2 0.1 0.5 0.1 0.6 0.4 0.8 0.1 0.8 0.1 0.7 0.4 0.7 0.5 0.4 0.0 0.5 - 0.5 0.0
18:3(n-3) 0.7 0.1 0.2 0.0 0.7 0.2 0.7 0.0 1.3 0.0 2.0 0.0 0.4 0.2 0.4 0.1 0.3 - 0.2 0.0
18:4(n-3) 1.6 0.3 1.5 0.5 1.6 0.3 1.5 0.0 2.1 0.2 1.4 0.1 0.2 0.1 0.6 0.1 0.2 - 0.1 0.0
20:0 1.1 0.2 0.8 0.0 0.5 0.5 0.6 0.0 0.9 0.1 0.9 0.1 1.0 0.1 1.2 0.1 1.0 - 1.1 0.1
20:1(n-9) 0.5 0.0 0.2 0.0 0.4 0.2 0.7 0.2 2.2 0.0 0.7 0.4 0.3 0.2 0.6 0.0 1.1 - 1.3 .01
20:1(n-7) 0.1 0.0 0.2 0.1 0.3 0.2 0.2 0.0 0.2 0.0 0.3 0.0 0.1 0.1 0.1 0.0 0.4 - 0.5 0.1
20:4(n-3) 0.3 0.0 0.2 0.1 0.2 0.0 0.7 0.1 0.5 0.0 0.4 0.1 0.4 0.3 0.3 0.0 0.7 - 0.6 0.0
20:4(n-6) 0.1 0.1 0.2 0.1 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.2 0.0 0.2 0.0 0.1 - 0.1 0.1
20:5(n-3) 4.0 0.6 4.3 1.2 5.0 1.6 6.4 0.2 5.2 0.1 5.3 0.8 1.9 1.5 3.1 0.0 2.3 - 2.2 0.1
22:6(n-3) 1.1 0.1 1.0 0.4 2.1 0.2 2.5 0.3 4.1 0.1 3.9 0.3 0.8 0.6 2.2 0.3 1.9 - 1.0 0.1
SFAs 68.7 66.9 61.6 52.2 60.5 56.4 82.9 74.1 74.9 81.6
MUFA 15.9 15.2 20.0 26.4 19.2 19.4 8.3 12.7 12.5 8.9


















































































Table C.17: Concentration (µg g−1) of individual fatty acids from sediments collected from LY1 during 2016
Sediment fatty acid concentration (µg g−1)
06/04/16 16/05/16 01/06/16 06/07/16 19/07/16 01/08/16 15/08/16 30/08/16 13/09/16 10/10/16 07/11/16
14:0 0.4 2.1 2.5 4.2 1.5 2.9 1.1 2.9 0.9 0.8 1.2
16:0 1.7 8.5 7.6 11.0 8.8 10.4 7.2 11.8 3.8 5.5 6.3
16:1(n-7) 1.2 5.3 5.2 9.5 4.6 6.6 2.7 7.6 2.5 2.4 3.8
16:2(n-4) 0.2 0.8 0.9 1.2 0.9 0.7 0.3 0.7 0.2 0.2 0.3
16:3(n-4) 0.1 0.7 0.8 1.2 0.3 0.5 0.2 0.7 0.2 0.2 0.1
16:4(n-3) 0.0 0.1 0.2 0.2 0.1 0.2 0.1 0.3 0.1 0.1 0.1
16:4(n-1) 0.1 0.3 0.5 0.6 0.1 0.3 0.1 0.2 0.1 0.1 0.1
18:0 0.8 4.0 2.4 2.9 3.2 4.8 3.6 4.3 1.3 3.0 3.3
18:1(n-9) 0.4 1.2 2.3 3.1 1.4 2.1 2.5 5.0 1.8 1.5 1.5
18:1(n-7) 0.7 2.0 2.6 3.6 2.4 2.6 1.5 3.1 1.0 1.2 1.6
18:2(n-6) 0.1 0.5 0.5 0.7 0.7 0.8 0.6 1.0 0.3 0.4 0.3
18:3(n-6) 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
18:3(n-3) 0.0 0.2 0.2 0.3 0.2 0.2 0.1 0.3 0.1 0.1 0.2
18:4(n-3) 0.0 0.4 0.5 0.7 0.2 0.3 0.1 0.3 0.1 0.1 0.1
20:0 0.3 0.9 0.9 1.0 0.9 1.0 0.6 1.1 0.4 0.7 1.0
20:1(n-9) 0.0 0.2 0.3 0.2 0.2 0.2 0.3 0.6 0.3 0.1 0.3
20:1(n-7) 0.0 0.1 0.2 0.2 0.2 0.3 0.1 0.7 0.3 0.1 0.2
20:4(n-3) 0.2 0.7 1.1 1.8 0.8 0.6 0.4 1.0 0.5 0.2 0.4
20:4(n-6) 0.0 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.0 0.0 0.0
20:5(n-3) 0.2 1.6 2.8 4.0 1.3 2.3 0.8 2.1 1.0 0.2 0.8
22:6(n-3) 0.1 0.5 0.9 1.1 0.2 0.8 0.1 0.8 0.3 0.1 0.3


















































































Table C.18: Individual fatty acid percent composition for sediment samples collected from LY1 during 2016
Percent composition of individual fatty acids in sediments (%)
06/04/16 16/05/16 01/06/16 05/07/16 19/07/16 01/08/16 15/08/16 13/09/16 10/10/16 07/11/16
14:0 6.7 6.9 7.8 8.7 5.5 7.6 4.7 6.0 4.9 5.5
16:0 26.4 28.2 23.3 23.0 31.2 27.5 31.8 25.0 32.2 28.6
16:1(n-7) 17.6 17.8 16.0 19.9 16.2 17.6 12.0 16.2 14.0 17.1
16:2(n-4) 2.4 2.7 2.7 2.5 3.1 1.8 1.3 1.3 1.0 1.2
16:3(n-4) 2.0 2.3 2.6 2.6 1.2 1.3 1.0 1.6 1.4 0.7
16:4(n-3) 0.2 0.3 .5 0.4 0.4 0.4 0.4 .4 0.5 0.5
16:4(n-1) 0.8 1.0 1.4 1.3 0.5 0.8 0.4 0.5 0.3 0.4
18:0 11.7 13.3 7.2 6.1 11.3 12.6 15.9 8.6 17.5 14.9
18:1(n-9) 5.5 4.1 6.9 6.5 4.8 5.6 11.3 11.7 9.0 6.8
18:1(n-7) 10.3 6.7 7.9 7.5 8.5 6.8 6.6 6.8 7.1 7.1
18:2(n-6) 1.2 1.5 1.5 1.4 2.5 2.1 2.8 2.0 2.4 1.6
18:3(n-6) 0.5 0.3 0.4 0.3 0.4 0.3 0.3 .4 0.4 0.4
18:3(n-3) 0.7 .5 0.7 0.6 0.6 0.4 0.5 .8 0.6 0.8
18:4(n-3) 0.6 1.2 1.5 1.4 0.7 0.8 0.5 0.9 0.5 0.6
20:0 4.0 3.1 2.8 2.1 3.1 2.7 2.8 2.7 3.9 4.4
20:1(n-9) 0.7 0.5 1.1 0.5 0.8 0.5 1.2 1.7 0.9 1.5
20:1(n-7) 0.2 0.3 0.7 0.4 0.7 0.8 0.6 1.7 0.6 0.9
20:4(n-3) 2.6 2.2 3.4 3.8 2.7 1.7 1.8 3.2 0.9 2.0
20:4(n-6) 0.3 0.4 0.4 0.4 0.4 0.3 0.3 0.3 0.1 0.2
20:5(n-3) 3.7 5.2 8.5 8.3 4.7 6.0 3.4 6.2 1.4 3.5
22:6(n-3) 1.7 1.7 2.7 2.4 0.7 2.1 0.3 2.2 0.3 1.3
SFAs 48.8 51.4 41.1 39.9 51.1 50.5 55.2 42.3 58.6 53.4
MUFA 34.4 29.3 32.7 34.8 31.0 31.3 31.7 38.1 31.6 33.4
PUFA 16.8 19.3 26.3 25.3 17.9 18.2 13.1 19.6 9.8 13.2
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Determining the reactivity of the suspended
versus sinking fraction of particulate organic
material
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Figure D.1: Correlation analysis between reactivity and total fatty acids (TFA), percentage
of organic carbon presented as TFA, saturated fatty acids (SFA), monounsaturated fatty acids
(MUFA), polyunsaturated fatty acids (PUFA), and individual fatty acids from suspended partic-



















































































































































































































































































































SPM above pycnocline amino acids
Figure D.2: Correlation analysis between reactivity and amino acids (AA), percentage of organic carbon presented as AA, percentage of BALA plus GABA,













































































































SPM below pycnocline amino acids




































































































































Figure D.3: Correlation analysis between reactivity and amino acids (AA), percentage of organic carbon presented as AA, percentage of BALA plus GABA,
degradation index (DI), and individual amino acids from SPM from below the pycnocline at LY1
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SPM below pycnocline CHO and lithogenic tracer elements


































































Figure D.4: Correlation analysis between reactivity and carbohydrate (CHO), percentage of
organic carbon presented as CHO, and lithogenic tracer elements (Al and Mn) from SPM from
below the pycnocline at LY1
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Figure D.5: Correlation analysis between reactivity and total fatty acids (TFA), percentage
of organic carbon presented as TFA, saturated fatty acids (SFA), monounsaturated fatty acids
(MUFA), polyunsaturated fatty acids (PUFA), individual fatty acids, bulk flux, carbohydrate
(CHO), percentage of organic carbon presented as CHO, and lithogenic tracer elements (Al and













































































































Sediment trap amino acids
















































































































































































Figure D.6: Correlation analysis between reactivity and amino acids (AA), percentage of organic carbon presented as AA, percentage of BALA plus GABA,
degradation index (DI), and individual amino acids from sediment trap material sampled from LY1
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